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NATUEAL PHILOSOPHY. 


FIFTH TREATISE. 


OPTICS. 




The following treatise is intended to present a systematic expo- 
sition of the properties of Light and the laws of Vision, compatible 
with the scope and design of an elementary text-book. Though 
avowedly rudimentary, a glance at the table of contents will 
show that no important feature of the science has been omitted, 
while in example and illustration the respective sections will be 
found more than usually profuse. The utmost care has been 
taken to render the treatment at once precise and simple — the 
aim being to inculcate principles, not to amuse the student with 
mere descriptions of natural phenomena or accounts of optical 
instruments and contrivances, however ingenious. 
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OPTICS 


OE THE SCIENCE OF LIGHT AND VISION. 


1. Optics is the science that treats of the properties of 
Liijht, and the laws of Vision. It explains the motions of the 
rays that issue from luminous centres, their bendings and re- 
flections from the surfaces of bodies, their varied actions in 
producing colour, and the instruments which have been con- 
structed for concentrating or dispersing them. It treats of 
the human eye, and of the mechanism whereby it can bring 
pictures of the outer world within the reach of the mind’s 
perception ; and describes the artilicial methods of enlarging 
the sphere of ordinary vision, so as to extend it to remote dis- 
tances on the one hand, and to indescribably minute objects 
on the other. 

2. The least sensible portion of light is called a raij; a leain 
of light is a collection or bundle of parallel rays ; a pencil of 
light is a parcel of rays proceeding from or towards some 
point. The form of a pencil is usually considered to be 
conical, and its geometrical axis — that is, the line joining its 
apex and the centre of its base — is termed tlje axis of the 
pencil. When the pencil proceeds from a point, and is there- 
fore continually widening, it is said to be divergent; and 
when the rays of a pencil verge towards a point, whether 
they are allowed to reach it or not, it is called a convergent 
pencil. 

3. The point from which a pencil diverges is called a 
radiant point. Thus if the sunlight is made to pass through 
a small circular aperture in a card or thin piece of metal, it 
will form a divergent pencil, of which the aperture is the 
radiant point : a very minute flame, the reflecting portion 
of a globule of mercury, or of a bead, are also radiant points. 
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The point towards which the rays of a converg'ent pencil 
tend, or in which they meet, is called a focus or focal foint. 
Thus when the sun^s lig’ht passes throug“h a common eye- 
glass, it unites in a point which is strongly illuminated ; 
being in fact a very small image of the sun : the rays, which 
were parallel before reaching the lens, become convergent 
after passing through it, and are concentrated in a luminous 
point, which is the focus. The focus of convergent rays is 
real when they actually meet; and it is said to be virtaaf^v 
imagmary when they are prevented from meeting. 

NATURE OF LIGHT. 

4. There are two difterent views maintained regarding 
the nature of light. According to one, light is coiisidered 
to be a material substance, consisting of particles that are 
emitted or showered in all directions from a luminous body, 
and so line as to pass through the inconceivably minute pores 
of transparent bodies ; and by striking — that is, impinging — 
on the retina of the eye, excite the sensation of vision. In 
the other view, vibrations are conceived to be excited by the 
luminous body in a highly elastic and subtile fluid called an 
ether ^ which is conceived to pervade all space, and even the 
pores of all bodies ; these vibrations are propagated in all 
directions with immense velocity, and by striking on the eye 
produce the sensation of light, in the same manner as the 
feeling of sound is excited in the ear by vibrations of the air 
proceeding from some sonorous body. The former of these 
views is called the theory of emission^ or the material theory of 
light; and the latter the undulatory theory. 

5. The theory of emission was devised by Newton, and for 
a long time it was thought to exjdain the facts better than 
any other. It is not necessary to suppose that the particles 
succeed each other closely, so as to crowd the whole of space 
with a luminous stream. It is found that a single impression 
of light will remain on the eye for the eighth of a second; 
and therefore, if eight particles fell upon it every second, 
there would be a permanent impression produced. But in 
the eighth of a second a ray passes through 25,000 miles, so 
that if one particle followed another at this distance, constant 
light would be maintained ; and the shower w'ould be so thin 
and scattered, that there would be room enough for all the 
innumerable crossings of luminous rays. At the present day, 
however, there are many phenomena that cannot be explained 
by this theory, and that are found more consistent with the 
undulatory hypothesis. 
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RECTILINEAL PROPAGATION OF LIGHT. 

6. The optical phenomena arising from the motion or pro- 
pagation or light in straight lines, are comparatively few and 
simple: — That the direction in which light moves is recti- 
lineal, is easily proved by experiment. For instance, a lumi- 
nous body can be seen through a straight tube of very small 
borp, when accurately directed to it; but it would be invisible 
thi’Bl^h the same tube if it were bent. So if small apertures 
are made in a row of cards, an object will be seen through 
them only w’hen they are arranged in the same straight line 
with the light. 


ABSORPTION OF LIGHT. 

7. When a medium is imperfectly transparent, or when a 
portion of the light gradually disappears in passing through 
it, the light is said to be absorbed by the medium; and its 
intensity continually diminishes, so that after passing through 
a certain thickness or depth it becomes insensible. Were light 
composed of material particles, this absorption would be the 
literal explanation of the occurrence; but if it consists merely 
of vibrations, the fact must be explained by supposing that 
the particles of the medium weaken the vibrations, till at last 
they become so feeble as to be incapable of exciting the sensa- 
tion of light. Thus when light is transmitted through a 
plate of glass, a portion of it is absorbed ; and if it passes 
through a certain number of plates, it will become so faint 
as to be insensible ; or objects would be invisible through 
such a succession of plates. In consequence of the absorption 
of light, even by the purest air, the celestial bodies themselves 
would be invisible if the atmosphere were of very great 
extent. On the same princijde a glass cylinder might be so 
long* as to be impervious to light in the direction of its length, 
although the two ends were linely polished. 

8. That portion of the light proceeding from a heavenly 
body which is absorbed by the atmosphere, is great when 
the body has a small height above the horison ; but at very 
high altitudes it is small. The cause of this difference is 
evident. Light proceeding from a celestial body near the 
horison, passes through a much greater extent of atmosphere, 
especially the denser part of it, than light from an object 
at a considerable elevation. The quantity of light thus ab- 
sorbed will be easily known from the subjoined table, which 
gives the number of rays out of 10,000 that reach the eye for 
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different altitudes. The first, third, and fifth columns con- 
tain the apparent heig-hts in degrees, and the second, fourth, 
and sixth the number of rays that penetrate through the air: — 


DcKrees. 

No. of Rays. 

Degrees. 

No. of Rays. 

Degrees 

No. of Rays. 

0 

6 

8 

2423 

30 

6613 

1 

7 

9 

27.07 

35 

6963 

2 

l.f)2 

10 

3149 

40 

7237 

3 

454 

J1 

3472 

50 

762> 

4 

802 

12 

3773 

60 


5 

1201 

15 

4535 

70 

8016 

(i 

1616 

20 

5474 

80 

80.98 

7 

2031 

25 

6136 

90 

8123 



INTENSITY OF LIGHT. 

9. Like all influences diffused from a common centre, the 
intensity cf light is inversely as the square of the distance 
from the luminous body — that is, in the ratio of 1, 4, 9, 16, &c. 

Thus if a board, a, a foot 
square, be placed at the dis- 
tance of one foot from a 
candle, it will be found to 
hide the light from another 
board, of two feet square, 
at the distance of two feet 
riff 1- from the candle. Now a 

board of two feet square is just four times as large as one of 
one foot square, and therefore the light at double the distance 
being spread over four times the surface, has only one-fourth 
the intensity. By artificial means, rays of light can be made 
to move parallel to one another, and in that case their intensity 
will be the same at all distances, except in so far as it is 
diminished by absorption. 

10. As the term sine of an angle will 
have to be frequently used in Optics, 
especially when treating of refraction, 
we shall here give an explanation of it. 
In the annexed diagram, the arc from 
L to P is the fourth part of a circle, 
and is divided into 90 equal parts, called 
degrees. The arc from L to GO is an 
arc of 60 degrees ; degrees being repre- 
sented by a small “ over the number, this 
arc is simply expressed as an arc of 60°. The inclination 
of the line H 60 and H L— that is, the angle at the point 
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H subtended by the arc L60 is therefore G0° ; so the angle at 
H subtended by the arc L40 is an angie or inclination of 40^ 
[See Mechanics, p. 36.] 

11. An angle is usually expressed by three letters; thus 
PHD (fig. 3) means the angle at H formed by the two lines 
PH, HD; the letter H at the angular point being in the 
middle between the other two. Now this angle is measured 
by the number of degrees in the circular arc PL, whose 
cei^re is H. The sine of this angle, when P H the radius of 
th^^c is considered to be the unit of measure of length, or 
equal to 1, is the line P D drawn 
from P perpendicularly to H L ; 
and it is evident that the smaller 
the angle at H is, the smaller is 
the sine P D also ; the angle and 
the sine, however, are not exactly 
proportional. 

12. Now if APBH represent a portion of a pencil of 
parallel rays intercepted by a plane P II, this plane will 
intercept exactly the same number of rays as a shorter plane 
P D would do ; hence the quantity of light received by the 
plane P H is exactly proportional to P I), the sine of P IPs 
inclination to the direction H L of the light. 

13. For example, the distance of Mercury from the sun 
being little more than one-third of the earth^s distance, the 
intensity of the sun’s light and heat on the former will be to 
that on the earth inversely as the square of ^ to the square 
of 1, or as 9 to 1; that is, the heat and light at Mercury are 
9 times as powerful as on the earth. Venus is about two- 
thirds of the earth’s distance from the sun ; hence the inten- 
sities of the sun’s light on the two are inversely as 2 square 
to 3 square, or directly as 9 to 4; so that the light and heat at 
Venus are more than double the force of these on the earth. 

14. Since light falling obliquely on a surface is fainter than 
when it falls perpendicularly, the sun’s light in the tropical 
regions, where he is nearly vertical, is more intense than in 
higher latitudes, where his rays strike the earth’s surface more 
obliquely. For the same reason, the light and heat received 
by a square foot of the earth in winter, at any given place, are 
less than in summer, when the sun attains a greater height; 
and this, together with the shortness of the day, is the cause 
of winter being colder than summer. 

Photometers. 

15. Various instruments have been invented for measuring 
the intensity of light ; these are called photometcr.Sy from the 
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Greek words phOs^ lights and metron, a measure. Some of them 
are constructed on the principle that light and heat are pro- 
portionally united in the luminous rays, and may be called 
thermometric photometers : these are adapted to indicate only 
which of two lights of the same kind has the greater intensity; 
as of the sun under different circumstances, of two candles of 
the same kind, or two gas jets of the same quality of gas ; for 
it cannot be assumed that light and heat are united in one 
proportion in lights from different sources. There are two 
thermometric photometers, one by Leslie, and anotlj^r by 
Ritchie. The former is a glass tube with bulbs on both ends, 
and bent into the form of the letter U, the bulbs being upper- 
most ; the greater part of the stem is filled with coloured 
sulphuric acid ; the action of light, or rather of heat, on one 
of the bulbs, expands the air in it, and depresses the column 
of acid, and from the extent of the depression the strength 
of the light is inferred ; but it does not give any measure of 
relative intensity. In llitchie^s instrument, instead of bulbs 
there are short tubes of turned-iron plate close at one end, and 
having their other ends covered by disks of glass, and ren- 
dered perfectly air-tight ; these tubes are closely fitted to the 
ends of the bent glass tube, and the two lights to be compared 
are placed so that each acts on the air in one of the cylinders, 
by passing through the glass ; and when the air, by its expan- 
sion in one stem, depresses the fluid, the light acting on that 
side is removed to a greater distance, till the two actions 
exactly counterbalance each other, or till the fluid is at the 
same height as before the operation. Then the intenMties of 
the two lights will be inversely as the squares of their dis- 
tances from the instrument. The two cylinders are placed 
with their axes in the same straight lines, and in the middle 
of each is a piece of black bibulous paper placed parallel to the 
ends, to absorb the light and heat. 

16. Count Rumford measured the intensity of lights by the 
method of shadows. The two shadows of an opaque object, 
as a bit of card, formed on a Avhite screen by two lights, are 
brought near to each other by a proper position of the lights ; 
and it is evident that each shadow will be illuminated by the 
rays of the other light. The light that shines on the less dark 
shadow is removed till the darkness of both shadows is equal ; 
the illuminating powers of the two lights on the screen will 
then be equal, and hence their real intensities will be inversely 
as the squares of their distances from the screen. 

17. Thus if S C (fig. 4) is a screen, and O B an opaque body, 
both being perpendicular to the plane of the paper, and P 
and Q two lights; the shadow EC caused by the object OB 
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Fig. 4. 


intercepting the lig^ht of P, is evidently illuminated by Q, 
and P illuminates the other shadow R S : now when the two 
shadows are equally dark, it is evident that P and Q shine 
with equal brightness on 
both, and their intensities 
will therefore be inversely 
as the squares of their dis- 
tances, P R and Q C ; that 
is, the intensity of P is to 
th^l^f Q as the square of 
Q C to that of P R. 

18. The best photometer for artificial light is one invented 
also by Dr Ritchie. It consists of a rectangular box, of which 
A R C T is a vertical section in the direction of its length ; in 
it is placed two plane mirrors ZX, Z Y, inclined to the ver- 
tical line m Z at an angle of 45° ; on the upper side of the 
box is an opening pe, covered with oiled paper, or any trans- 
lucent plate or disk ; and a narrow slip of black card is pasted 
along the line Z where 
the edges of the mirrors 
join. The two lights to 
be compared are now 
placed at P and Q, and 
their rays being reflected 
by the mirrors to the 
oiled paper, it can be 
observed by looking 
down on the paper if the illuminations are equal. If they 
are unequal, one of the lights is removed farther olf till they 
are made equal ; the intensities of the lights will then be 
inverse^ as the squares of their distances from the central 
line m Z. If the distances of two candles, when the illumi- 
nations are equal, are 4 and 6 feet, their intensities are as 
16 and 36, or as 4 and 9, the nearer light being of course 
the less intense. 

19. It has been proved experimentally that the light of the 
sun is 300,000 times stronger than the light of the moon when 
full and at its mean distance from the earth ; and that the 
light of the sun becomes insensible only when it is diminished 
to the 1,000,000,000,000th part of itself. 
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SHADOWS OP OPAQUE OBJECTS. 

20. When an opaque object is placed in a pencil of light, it 
stops or intercepts a portion of the rays, and the space behind 
the object is consequently in darkness ; this dark space is 



14 


OPTICS. 


called the shadow of the object. Thus if A B (fig*. 6) repre- 
sent the sun, CD the earth, and M the moon, the dark 
conical space C D V is the shadow of the earth. 


A 



21. When the luminous object is very small, so that it may 
he considered as a mere point, the shadow will not taper to a 
point as in the hg'ure, but will continuallj^ increase in breadth. 
Thus if V were the luminous object, and C D the obstacle, 
C D B A would be a portion of the shadow. 

2*2. When the luminous body is distant, the shadow of an 
illuminated object on a screen near it is similar to the object ; 
but with the screen at a considerable distance, the shadow is 
similar to the luminous body itself. The shadow of an irre- 
g’ular obstacle placed in the sun^s lig'ht has the form of the 
obstacle when the screen is near ; but the shadow is circular 
like the sun when the screen is at a crreat distance. 

23. These observations reg'arding' shadows are applicable to 
the illuminated space formed on a screen by making* the sun's 
light pass tlirough an aperture. When the screen is near tlie 
aperture, its illuminated portion is similar to the opening ; 
but whe.n the screen is siilHciently distant, it is similar to the 
luminous body. The interstices between the leaves of trees 
are so many small irregular apertures; hence the cause of 
the numerous small bright circles seen in a sunny day in the 
shadow of a tree, or still more distincth^ in that of a grove. 

24, Besides the real shadow of an object, which would be 
pei-fectly black were there no light reflected to it from other 
bodies, there is a partial shadow surrounding the real one, 
called the 2 )ciinnihr(i, which receives light from only a portion 
of the luminous body, and becomes gradually lighter from the 
border of the real shadow to that of the fully-illuminated 
space ; it thus contains between its limits every possible degree 
of light. 


IMAGES FORMED BY DIRECT LIGHT. 

25. When light from a luminous surface passes through a 
minute aperture, so small as to be considered as a mere point, 



VELOCITY OF LIGHT. 


15 


the rays will form an image of the surface exactly similar to 
it, thoug’h inverted. Thus the pencil GAB from the lumi- 
nous body A B will, after 
passing* through the small 
aperture 0 in the opaque sur- 
face M N, form on a screen 
beyond it the illuminated 
figure P Q, W’hich will evi- 
dently be inverted, because 

a rajiA 0 P from the lower part of the surface A B, will form 
at P an image of the point A ; and in like manner a ray 
B 0 Q emanating from B will form an image of it at Q. 

26. Let now B R be an elongated object, sufficiently illumi- 
nated by the sun or other light to emit from every point of it, 
and in all directions, sensible pencils of light ; let C D be a 
window-shutter, and E F a white screen of cloth, or paste- 
board, or simply the white wall in a dark room ; a person in the 
room will then see 
an inverted image 
br of the arrow ; for 
any point B sends off ^ 
a pencil, of which 
B is the apex, and 
when A is circular, 
the base a minute 
circle at b, called the 
image of B, Similarly the images of the points G and R 
will be at g and r, and the whole image hr of the arrow 
will thus be inverted. If the object be of different colours 
in different parts, the image h r will be similarly coloured. 




VELOCITY OF LIGHT. 

27. The velocity with which light is propagated is about 
200,000 miles a second, so that it could pass nearly ten times 
round the earth, or once between the earth and moon, in one 
second of time. Hence the flash of a gun at a considerable 
distance is observed at the same instant that it is fired off, 
though a sensible time elapses before the report is heard. 
The ])rogressive motion of light was discovered from the fact, 
that the eclipses of Jupiter’s satellites happen so much later 
as Jupiter is farther from the earth. 
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OR THE REFLEXION OP LIGHT. 

28. When light falls on the surface of a body, it is^aid to 
be incident light ; and the portion that is thrown back from 
the surface is said to be reflected. In every case of light 
falling on a body, some portion of it is reflected. There are 
two modes of reflexion : in the one, the light is thrown off 
from the surface in all directions, and renders the body visible ; 
in the other, it is thrown back in only one direction, which is 
related to the direction of the incident light. The latter mode 
is the most intense, and constitutes mirror reflexion : it is the 
kind exclusively treated of in Catoptrics. The quantity of 
the reflected compared with the incident light depends on the 
nature of the surface that reflects it. 

29. The atmosphere, although a very lighi and almost 
colourless elastic fluid, reflects so much of the sun^s light in 
all directions upon surfaces exposed to it, as to render them 
visible. Did the air not possess this property, no object would 
be seen unless it received the direct rays of the sun or some 
artificial light ; the sky would be perfectly black, and the sun, 
by the contrast, would appear to be of more intense splendour, 
and the shadows of all bodies would be spaces of total dark- 
ness. On account of the rarity of the air in the higher regions, 
as on the tops of lofty mountains, it is incapable of reflecting 
much light ; so that to a spectator at a great height the 
heavens appear of an intensely dark colour, and the stars 
shine with unusual brightness. 

30. A polished surface, capable of reflecting a large portion 
of the light incident on it, is called a speculum, or mirror. The 
former term is, however, usually restricted to metallic sur- 
faces, and the latter to silvered glass — that is, glass coated 
with tinfoil previously amalgamated with a small quantity of 
mercury. But the term mirror, besides this specific meaning, 
has in optics a general application to every surface used for 
reflecting light. Mirrors are either plane or curved, according 
as their surfaces are plane or curved ; and as curved surfaces 
are either concave or convex, so curved mirrors are termed 
concave or convex, according as they are hollow or bulged. 
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Since in the case of a fflass mirror the light reflected from 
its nearest surface is almost insensible when compared with 
the reflexion at the second surface from the amalgamated 
tinfoil, such mirrors also are, properly speaking, metallic re- 
flectors, the glass being used to give the tinfoil a very smooth 
and fine surface, as if it were polished. 

REFLEXION BY PLANE MIRRORS. 

31 A B be a plane mirror lying in a horizontal position, 
with its reflecting face uppermost, a 
ray of light falling on it in the direc- 
tion e d will be reflected in the line 
db; so that the angle ed'B shall be 
equal to hdA-^ or if cd be a line per- 
pendicular to the surface A B, the 
angle cde shall be equal to cdb. 

32. A ray of light falling on a re- 
flecting surface is called an incident ray ; a ray reflected at 
a surface, a reflected ray; and the point on the sui’face which 
the incident ray strikes, the point of incidence* Thus ed 
is the incident ray, dh the reflected ray, and d the point 
of incidence. A perpendicular drawn to a reflecting surface 
at the point jf incidence is called a normal; the angle con- 
tained by the incident ray and the normal is called the 
angle of inciaence ; and that contained by the reflected ray 
and the normal, the angle ,of reflexion. Thus cd is the 
normal, cde the angle of incidence, and cdb the angle of 
I’eflexion. The angles made by the incident and reflected 
rays with the reflecting surface may be termed the angles 
of CO -incidence and co- reflexion, as the angles ^de^ and 
Adh; and since these latter angles may sometimes be more 
conveniently referred to than the angles of incidence and 
reflexion, it is proper they should have a specific name. 
When the axis of a pencil is perpendicular to the reflecting 
surface, it is said to be a direct pencil; in other cases, an 
oblique pencil. 

33. The principle stated in article 31 may now be enunciated 
thus : — The angle of reflexion is always equal to the angle of 
incidence, and the angle of co-reflexion is always equal to the 
angle of co-incidence" When an incident ray, or the angle 
and the point of incidence, are given, and also the reflecting 
surface, the reflected ray can easily be found by means of the 
preceding principle. I'hus let the position of the reflecting 
surface AB be given, and let ed be the incident ray ; then 
draw the normal cd, which is perpendicular to the surface; 

1 B 



Fig. 9. 
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next draw the line db^ so that the angle cdb shall be equal to 
edc ; and db is the reflected ray. 

34. If there were another incident ray parallel to ed, the 
reflected ray would be parallel to dbj and hence, when the 
incident pencil consists of parallel rays, the reflected pencil is 
also composed of parallel rays. When a ray is incident in the 
direction of a reflected ray, the reflected ray corresponding to 
the former coincides with the incident ray corresponding to 
the latter • that is, if a ray were incident in the direction of 
bd, the reflected ray would be in the direction de. in 

general, if a ray proceeding from some radiant point under- 
goes any number of reflexions, and reaches a particular point, 
a ray proceeding from the latter point could pursue exactly 
the same path in an inverted direction, and arrive at the 
original radiant point. The radiant point of incident rays, 
and the focus of reflected rays, are together called conjugate 
foci. 


35. Thus if M be the focus of a divergent pencil, the ex- 
treme rays of which are MD, MF 

§ S incident upon the plane mirror HR', 

then the reflected rays will be De, 
/ y \ which, if traced back, would con- 

verge towards the imaginary focus m ; 
^ so that M and m are the conjugate 
foci, m being the focus of the reflected 
N ^ pencil. So if e D, F are the extreme 

p. jQ rays of an incident converging pencil, 

whose imaginary or virtual focus is 


w, they will be reflected in the directions DM, FM to the 
real focus M. 


36. In both these cases the triangles MDR, mDR are 
equarin every respect, and the side wK is equal to MR ; and 
hence the following theorem i—* When a pencil of rays is re- 
flected at the surface of a plane mirror, the conjugate foci are 
on opposite sides of the surface, and equidistant from it ; and 
the line joining them is perpendicular to the surface, or, in 
other words, the conjugate foci are symmetrically situated in 


reference to the mirror. 


Images formed by Reflexion with Plane Mirrors. 

37. Since rays proceeding from a point, and falling on a 
plane mirror, converge towards an imaginary focus on the 
other side, which is at the same distance from the mirror as 
the radiant point, or symmetrically situated in reference to 
the mirror, the rays proceeding from every point in any 
object, considered each as a radiant point, will, after reflexion 
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at the surface of a plane mirror, converge towards their re- 
spective conjugate foci behind the mirror, and will form a 
virtual image exactly similar and equal to the object, and 
similarly — that is, symmetrically — situated. If tne object 
is straight and parallel to the mirror, so is its image ; if 
straight and inclined, its image is also straight and equally 
inclined. 

38. These facts will appear more distinctly by considering 
the diagram above (fig. 10), in which RR' is the plane mirror, 
and MN the object — an arrow, for example — ran will be its 
image, equal to M N ; every point of it being at the same 
distance behind the mirror as the corresponding point in M N 
is before the mirror ; also the object and image are equally 
inclined to the plane of the mirror, and are symmetrically 
situated. The rays, for instance, diverging from M, con- 
sidered as a radiant point, will converge after reflexion to the 
imaginary focus m, and those from ]> will converge ton. It 
is, however, to be observed that, to a person anywhere situated 
before the min’or, as at E, only a small pencil out of all the 
rays falling on the mirror from the divergent pencil proceed- 
ing from the point M, can be reflected to the eye ; namely, 
the small conical pencil limited by the rays MD, MF, of 
which the pupil or the eye is the base, and this pencil pro- 
duces an image the same as if it proceeded from m as a 
radiant point ; and therefore to the observer there appeal's a 
material point, as if situated at w, exactly similar to the point 

M. So a point appears as if- situated at n exactly similar to 
the point N. 

39. When the object is crooked or curved, it is evident 
that its image must be crooked or curved, and symmetrically 
situated in regard to the mirror. If a person were standing 
with the right side of his face towards M, the left towards 

N, and his face towards the mirror, the image of the right 
side would be at w, and of the left at n; there would there- 
fore be an inversion of the face in reference to a horizontal 
direction, or right and left. There would, however, be no 
inversion in reference to a vertical direction, or up and down ; 
the image of the head would be uppermost. It appears, then, 
that in looking at an image in a plane mirror, there is an 
inversion only in one direction ; on this account such images 
are said to undergo a semi-inversion. To make this circum- 
stance more evident, take a square card, and on one side of 
it mark the corners 1, 2, 3, 4, and hold it parallel to a plane 
mirror, with the marked face looking at the mirror; the 
numbers on the image of the face will be in an order the 
reverse of that on the card. If, for instance, the numbers on 
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the card beginning* with 1 are read from left to right, then 
they will be read in the image from right to left. 

40. Any straight object being held parallel to a plane 
mirror, its entire ima^e will be seen by an eye situated any- 
where in the line ot the object, if the mirror is half the 
length of the object. 

41. Let CD be the object, AB the plane of the mirror, and 
CD' the image; if an eye be situated at E in the line of CD, 
the image of C will appear at C'; since if CM is one of the 

rays of the small pencil proceed- 
ing from C, it is reflected to E 
in such a manner that ME is 
in the direction of the straight 
line joining C and E. For a 
similar reason, the image of D 
at D' will be seen bv the eye E 
by means of a small pencil, of 
which R E is one of the reflected 
B rays. The images of other points 

Fig. 11 . of the object are evidently seen 

by means of rays reflected from 
parts of the mirror lying between M and R ; hence the whole 
length of mirror necessary to show the whole image of C D 
is merely M R, which is proved by a simple geometrical pro- 
cess to be half of C' D', or C D. 

42. On this principle a person will see the whole length of 
his own image by means of a mirror of half his length, pro- 
vided the top of the mirror M is held on the same level as a 
point half way between the crown of the head and eye, or 
the middle of C E. 

43. When C D is a line, the eye might be situated either 
above C or below D, provided it be in the line of C D, and 
the same conclusions would follow ; only the mirror M R 
would require to be placed higher or lower, according to the 
position of the eye. 

Multijflication of Images by Reflexion. 

44. If two plane mirrors be placed with their faces 2)arallelf 
and turned towards each other, and an object be placed any- 
where between them, there will be seen in both mirrors a 
series of images extending indefinitely, and becoming less 
distinct as they recede, till at last they cease to be visible. 
This multiplication of images arises from the repeated reflec- 
tions of the rays of light proceeding from the object. The 
first image of the object in one of the mirrors formed in the 
ordinary way, is reflected by the other mirror, as if it were 
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itself an object; it thus causes to be formed in the second 
mirror an image as far distant behind the face of the latter 
as the first image lies from it in front : this last image, in the 
same manner, again causes a third image to be formed in the 
first mirror still further remote ; and thus a series of images 
gradually receding is formed — the first, third, fifth .... 
images are formed in the first mirror, and the second, fourth, 
sixth .... are formed in the second mirror. A similar series 
of images is formed by the first image of the object in the 
other mirror. 

4^ On the principle of repeated reflexions, several enter- 
taining catoptric instruments are constructed. One of these 
is a catoptric cistida, as it is termed, or box in the form of a 
regular hexagonal prism ; that is, a box with six equal sides. 
It rests on one end, and the upper end is covered with a 
firmly-braced translucent membrane (such as parchment ren- 
dered permeable to light by being washed first in a clear lye, 
and then in warm water). The inner sides are lined with 
plane mirrors ; a small portion of their silvering being taken 
off about the middle, and apertures opposite to the bare parts 
made in the sides of the box, so that the interior may be seen 
through them. If a number of small flowers of different 
kinds, or any other ornamental objects, are now placed in 
the box, they will form a pleasing group of images immensely 
multiplied, and diffused over an apparently vast space. 

46. Another interesting catoptric instrument, of some uti- 
lity in the art of design, is the kaleidoscope y invented by Sir 
David Brewster. In its simplest form it consists of two 
slips of mirror about 8 inches long, and broad, placed so 
that their long edges join at an angle of 60°. They are 
then fixed in this position, and placed in a tube covered at 
one end with an opaque plate, having an opening in the 
centre for looking through ; the other end is fitted up with 
two circular disks of glass a little distance apart, so as to hold 
between them a few pieces of differently-coloured objects, as 
bits of variegated crystals, minute flowers, &c. In looking 
through the eye-hole of the tube, these small objects appear 
to be multiplied and regularly arranged in a polygonal form, 
the centre of the figure being the angular point where the 
glasses meet. When the inclination is 60°, each figure will 
consist of six similar portions, and will thus have a hexagonal 
form ; if the angle be 45°, the figure will be octagonal in 
form ; and so on, 

47. Experiments in what is called magical perspective B.ve 
performed by means of successive reflexions by combinations 
of plane mirrors placed at an inclination of 46° to the direc- 
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tion of the light. An instrument of this kind, which may 
be denominated the magical telescopcy is thus constructed: 


'\jb 




^ 1 ' 
== 1 




Fiff. 12. 

A B, C D are the perspective tubes in the direction of 
whose axis the observer looks; the supports BE, C F instead 
of being solid, are also tubular, and four small plane mirrors 
w, Ty Sy are placed with the faces of every two in suc- 
cession turned towards each other, and inclined at 45® to the 
direction me of the incident light; then it is evident that, 
since the angles of reflexion are equal to the angles of inci- 
dence, the course of the ray will be cmy mUy nVy rSy and it 
will at last be reflected in the direction 5 e to an eye at e ; 
and the object will appear in the direction ec, as if the 
light proceeded straight through the tubes AB, CD. A 
thing may thus be seen, although an ^aque screen, or the 
hand, be interposed betweerf the ends B C of the tubes. The 
deception is more complete when the ends of the tubes A B, 
C D are closed with round disks of plane glass. 

REFLEXION BY SPHERICAL MIRRORS. 

48. Of curved mirrors only the particular kind called 
spherical are commonly used. Spherical mirrors are portions 
of spheres, or rather of spherical shells, and are either concave 
or convex according as the -interior or the exterior surface 
is polished. 

49. Let A V B (fig. 13) be a concave mirror ; then if 
G I D be a plane touching the surface in I, the line C I per- 
pendicular to this plane is the normal to the surface; that 
18 , the normal to the surface is a perpendicular to the tan- 
gent or touching plane ; and when the mirror is spherical, 
this normal is a radius of the spherical surface. 

50. If R I be an incident ray, and IT the reflected ray, 
RIG and CIT are the angles of incidence and reflexion, 
which are equal as in the case of plane mirrors. Hence — 

51. When the point of incidence and the direction of a ray 
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incident on a spherical mirror are known, the direction of the 
reflected ray will be found by making* the angle of reflexion 
equal to the angle of inci- 
dence. 

52. When the mirror is 
convex f the radius IC pro- 
duced to C' will give the nor- 
mal to the convex surface; 
and if R' I the direction of a 
ray jpcident at I be given, 
the direction I T' 0/ the re- 
flected ray will be found ex- 
actly as in the case of the 
concave mirror, by making Pig. 13. 

the angle C' I T' of reflexion 
equal to R' I C, the angle of incidence. 

63. The centre C of the spherical surface, of which the 
mirror is a portion, is called the geometrical centre of the 
mirror, or its centre of curvature. 

64. The boundary or edge of the mirror is commonly a 
circle, of which A B is the diameter. The point V, which is 
the central point of the surface, and is equidistant from the 
edge, is called the optical centre or vertex of the mirror. 

65. The line that passes through the geometrical and opti- 
cal centres of the mirror is called the axis of the mirror. 

66. The terms direct and oblique pencil have the same 
meaning in the case of spherical reflectors as in plane mirrors. 
A direct ray incident on a concave or convex mirror must pass 
through the centre of curvature, or the centre of the completed 
sphere. 

67. Thus if C I were an incident ray, or the axis of an inci- 
dent pencil, it would be direct ; and R I would be the axis of 
an oblique pencil. 

68. I'he plane of incidence or reflexion is the plane passing 
through the axis of the incident pencil and the normal or 
radius at the point of incidence. Thus if R I were the axis 
of the incident pencil, I the point of incidence, and Cl 
the radius, R I C would he the plane of incidence. Hence 
since every nomal must pass through the centre of curva- 
ture, every plane of incid!ence must pass through the same 
point. 

69. The axis of a pencil has already been defined. The 
principal ray of an incident pencil is either a real or an 
imaginary ray passing through the centre of curvature. 

60. A principal section of a mirror is the arc on it which 
is the intersection of a plane passing through its axis. The 
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aperture of a mirror is the number of degrees in a principal 
section of it. 

61. A pencil of rays incident on a spherical reflector will 
not all converg-e to a geometrical point after reflexion, but will 
be diffused over a considerable surface, called a caustic surface. 
When, however, the aperture of the mirror is small, or when 
the part of it on which the pencil falls is small, the focus will 
be reduced to at least a very small space, which may be con- 
sidered as a point. 

62. When a pencil is so small that its extreme ray# have 
very little inclination, the point towards which they converge 
is called the geometrical focus of the reflected rays. If the 
small pencil is cylindrical, that is, if it consists of parallel 
rays, or, in other words, if the radiant point is very far dis- 
tant, and if the pencil be nearly perpendicular to the surface 
of the mirror, the focus in this case is called the principLil 
focus of the mirror. 

63. Thus if K is a radiant point on the axis of the mirror, 
and I the point of incidence of an extreme ray of the diver- 

f ent pencil, the radius C I is a norma! to the surface ; and i^ 
F be drawn so that the angle C I F of reflexion is equal to 



the angle C III of incidence, then F will be the geometrical 
focus of reflected rays, if the aperture IV is small. Also if a 
small pencil of parallel rays whose axis coincides with R V 
the axis of the mirror, converges, after reflexion, to the point 
P, it is the principal focus of the mirror. 

64. The radiant point R and its corresponding focus F of 
reflected rays are called also conjugate foci. The distance of 
the focus from the vertex V is called the focal distance, as 
F V ; and the distance between the principal focus and the 
vertex is called the principal focal distance, or merely the 
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focal distance of the mirror. The distance of any two con- 
jiig:ate foci on ^e axis from the vertex of the mirror are 
called conjugate focal distances. Thus RV, FV are conju- 
j^ate focal distances for the radiant point R and the focus of 
reflected rays F. 

Cylindrical Direct Pencil. 

65. The first or simplest case of reflexion is when the pencil 
is cylindrical (that is, when it consists of parallel rays), and is 
also dwect (that is, when its axis is perpendicular to the sur- 
face of the mirror). In this case it passes through the centre. 

66. The principal focus of a spherical mirror, whether con- 
cave or convex, is on the axis, at the distance of half the 
radius fiom the centre ; or it is the middle point between the 
centre and the vertex. 

67. Let R V (fig. 14), be the axis of the pencil, and N I one 
of the extrer e rays incident at I on the spherical mirror 
A V3 ; then since the reflected ray I /'makes the same angle 
with the normal or radi’^s I C that the incident ray N I does, 
the angle C I /'is equal to C I N ; but I N is parallel to M V, 
and her >e the alternate angles C I N and IGF are equal,* 
and consequently the angle C 1^* is equal to the angle I C/, 
and the line I /'is equal to/'C. Now when the arc or senii- 
aperture I V is very small, or the point I very near to V, the 
lineyi will be very nearly equal to f V, and fl is exactly 
equal to C/, therefore /'V is in that case equal to fC. If 
therefore P be the middle point between C and V, the ppint^ 
will, as the arc IV diminishes, approach indefinitely near to 
F as its limiting position ; that is, P the middle of the radius 
C V is the geometrical focus of direct parallel rays, or it is the 
piincipal focus of the min or. 

68. When the mirror is convex, the very same reasoning 
applies, for A V B being the convex mirror, M' V would be the 
axis of the incident pencil of parallel rays, N' I one of the 
extreme rays. O' I the normal, I F' the reflected ray ; and the 
prolongation of these lines to the interior side of the surface 
would exactly correspond with the lines N I, I C, IF; and P 
therefore will be the principal focus of the convex surface. 

69. Example. — Let the radius of a convex or concave 
mirror be twenty inches, it is required to find the point which 
is its principal focus ; that is,*to determine the distance of this 
point from the centre C or the vertex V ? 

70. Since the principal focal distance is equal to half the 
radius, in this instance it will be equal to ten inches. 

♦ See the Elements of Plane Geometry, book L and prop. 29. 
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71. If several pencils of parallel rays are incident nearly 
perpendicular on a spherical surface, the foci^of their reflected 
rays will lie in a spherical surface, whose centre is that of the 
mirror and whose radius is equal to half that of the mirror. 

72. Thus if C I be a part of the axis of a second parallel 
pencil, its principal focus, as in the preceding case, is the 
point jt>, half way between C and I. Hence the points P p 
beinff equidistant from the centre C, are in a spherical surface, 
of wich C is the centre ; and the same can be proved of all 
other small direct cylindrical pencils, whose axes pass through 
the centre of the mirror. When the axes C V, Cl, &c. of the 
incident pencils are in one plane, the principal foci Pp, &c. 
are in the circular arc Pp. 

Divergent Direct Pencil. 

73. When small diverging or converging pencils are directly 
incident on a spherical reflector, the principal focal distance is 
a mean proportional between the distances of the conjugate 
foci from the principal focus ; or the distance of the focus oi’ 
the reflected rays from the principal focus is a third propor- 
tional to the distance of the radiant point from the principal 
focus, and the half radius of the mirror. 

74. Let A VB (fig. 14), be the reflector, R the radiant point, 
F the focus of reflected rays, P the principal focus, and C the 
centre ; then C P, half the radius, is a mean proportional be- 
tween PR and PF ; that is, PR is to CP as CP to PF. As 
the points R, C, P are known, P R and C P are known, and 
P F can be found by simple proportion. Or if the square of 
C P be divided by P R, the quotient will be P F ; and as P is 
the middle of the radius CV, if half the radius, namely, P V, 
be added to PF, the sum will be FV, the focal distance! of 
reflected rays ; or if the square of the whole radius be divided 
by four times the radiant focal distance, the quotient will be 
the reflected focal distance.* 

75. This optical theorem may be stated also as a rule of 
calculation thus : Multiply together the radius of the mirror, 
and the focal distance of the radiant point, and divide the 
product by the difference between twice this focal distance 
and the radius, and the quotient will be the focal distance of 
reflected rays. 

76. The rule may be stated still more simply in the follow- 
ing terms — observing that by the reciprocal of a number is 

* The terms radiant focal distance and reflected focal distance arc 
merely elliptical expressions for the sake of conciseness, instead of— 
the focal distance of incident rays and of reflected rays. 
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meant one divided by that number : thus one-fourth is the reci- 
procal of four : the reciprocal of the radius is an arithmetical 
mean between the reciprocals of the conjug-ate focal distances^ 

77. Example.— Let the radius of the reflector C V 4 feet, 
and the radiant focal distance BY 10 feet, to And the reflected 
focal distance F Y ? 

78. In this instance CP is 2, PK is PY diminished by 
CY, or 10 diminished by 2— that is, 8 ; and PR is to CP as 
C P to P F, or 8 is to 2 as 2 to P F ; but 8 is to 2 as 2 to ^ ; 
hence JPF is i foot; and if to it is added PY, or 2 feet, the 
sum is 2i feet, which is the focal distance FY. 

Convergent Pencil. 

79. The same theorem and rules are equally true and appli- 
cable to the case where a convergent pencil is incident on a 
convex reflector. For R'Y, N'l, being the principal, and the 
extreme rays of the convergent pencil falling on the convex 
surface AY B, and I F' a reflected pencil, R' and F' will be as 
before — the one the radiant point, and the other the focus of 
reflected rays : hence the same rules apply. The conjugate 
foci are in this case imaginary. 

80. The rule, with a slight change, applies also to the case 
of a divergent pencil incident on a convex mirror, or of a 
convergent pencil incident on a concave mirror. Let A Y B 
be a convex mirror, 
and R' the radiant 
point of a diverg- 
ent pencil incident 
at I, then I C' being 
a radius produced, 
and IF' the reflected 
ray, the focus of re- 
flected rays is F, and 
is in this case ima- 
ginary; the point P 
being as before the 
principal focus, the 
half radius C P is a 
mean proportional between PR' and PF. The rules for the 
conjugate focal distances apply also to YR' and YF. 

81. When AYB is a concave mirror, and RY, NI the 
axis and an extreme ray of an -incident convergent pencil, 
then, producing N I to N', it will be the focus of incident rays, 
or an imaginary radiant point, I F will be the reflected rav, 
and F the focus of reflected rays : this case is therefore exactly 
like the preceding. 
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82. In these four cases, either of the conjugate foci bein^ 
considered the radiant point, the other will be the focus of 
reflected rays; for whatever path a ray pursues in passing 
from one point to another through any intervening media, it 
would also, in returning from the latter point to the former 
through the same media, pursue exactly the same path. 

83. The conjugate foci lie on the same side of the principal 
focus in all the four cases. 

84. When the position of the radiant point on the axis is 
changed, the position of the focus of reflected rajjs also 
changes, but in an opposite direction ; that is, the conjugate 
foci move contrary to each other : they also meet finally at 
the centre in the frst two cases, and in the surface in the two 
last cases. Thus when R is removed farther from C, F will 
also be more distant ; for the ang’Ie RIC is increased, and so 
therefore is its equal angle of reflexion CIF. Also when R 
approaches towards C, F approaches also, and in C‘they ulti- 
mately meet. For exactly a similar reason in the two latter 
cases, when R' moves farther away from V, F moves from 
V towards P ; and consequently when R' moves towards V, 
so does F, until at last both meet in V. 

Change in the Vergency of Rays by Reflexion. 

85. By the vergency of the rays of a pencil is meant the 
degree of their tendency to or from one another ; that is, the 
degree of either their convergency or divergency. An in- 
crease in the convergency, or a decrease of divergency, is a 
positive change of vergency ; the contrary effect — that is, a 
decrease of convergency, or an increase in divergency — is a 
negative change of vergency. 

86. Reflexion by a concave mirror causes a positive change 
in the vergency of incident rays ; and by a convex mirror the 
change is negative. In other words, a concave mirror dimi- 
nishes the divergency, or increases the convergency of inci- 
dent rays : and a contrary effect is produced by a convex 
mirror, which increases the divergency, or diminishes the 
convergency. 

Aberration of Sphericity. 

87. It has been stated above, that when an incident pencil 
is not very small, its rays do not converge to the same point. 
Thus if F (fig. 16) is the geometric focus of reflected rays, and 
Af an extreme ray, then all the intermediate rays converge 
towards points between F and/, or they will cross the axis m 
various points between F and /. 

88. The distance between the geometrical focus and the focus 
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of an extreme ray of the same reflected pencil, is called the 
longitudinal aberration ; asF/. 

89. The pei’pendicular a 

to the axis of the mirror u 

from the geometrical fo- u 

cus of reflected rays pro- 

duced, to meet an ex- 

treme ray, is the lateral ^ v 

aberration; asFL. 

90. As the species of 

aberration here men- ^ //a- 

tioned is what is pro- // 

duced on light of one 

colour, by the mere form Fig. is. 

of the reflector, and as 

that form is spherical, it is therefore termed aberration of 
sphericity. 


Reflexion without Aberration. 

91. Light proceeding either from an indefinite distance, or 
from a point — that is, either parallel or ver^ent rays — can be 
accurately reflected to a point by the following methods : — 

92. When the incident pencil consists of parallel rays, pro- 
ceeding in the direction li G 
parallel to the axis X V of a 
concave mirror AVB, of a 
parabolic form, any ray, as 
K G, will be reflected at G in 
the direction G F, to the geo- 
metrical focus F of the para- 
bola. 

93. This optical property 
of the mirror, formed by the 
revolution of the parabola 
AVB about its axis XV, depends on the ^ometrical pro- 

a of the parabola, that the angles H G R, E G F contained 
e tangent H E, and by a line R G parallel to the axis, 
and another G F to the focus, are always equal ; and these 
are just the angles of co-incidence and co-reflexion. 

94. Vergent rays may be reflected to a focus by means of a 
reflector E D F (fig. 18), the fi^re of which is formed by the 
revolution of an ellipse EDF about its greater axis EF; 
the foci being A and B. 

95. For when the rays are divergent from one focus A, any 
incident ray A D is reflected at D in a direction D B to the 
other focus B ; for it is a property of the ellipse that the tan- 
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:ent B N makes equal angles ADR, B D N with lines D A, 
) B drawn from D to each focus. 



Fig. 18. 


96. If the rays are 
convergent, and fall on a 
convex elliptical mirror, 
the imaginary focus of 
the convergent pencil be- 
ing at one focus of the 
ellipse, they will be i*e- 
flected in a divergent 
pencil having an imagi- 
nary focus in the other 
focus B of the ellipse. 
For if I D be one of the 


incident rays, it will be so reflected that the prolongation of 
the reflected ray would be in the direction D B. 

97. Vergent rays can also be reflected exactly to a focus 
when the mirror is of a hyperbolic form, or generated by the 

revolution of a hyper- 
bola, D F D', about its 
axis A B, whose foci are 
the points A and B. 

98. For if the focus 
of a divergent pencil be 
in B, any ray B D, inci- 
dent on the concave sur- 
face, would be reflected 
in the direction D I ; 
the extension of which 
would pass through the 
focus A, which would 
thus be the imaginary focus of the divergent reflected pencil. 

99. Again, if A be the focus of a divergent pencil incident 
on the convex surface at D, it will be reflected so that its 
direction, if produced, would be D B ; and thus B would be 
the imaginary focus of the reflected divergent pencil. 

100. The three preceding curves are called the come sections^ 
and the mirrors may be called mirrors of revolution of the 
conic sections. 



FORMATION OF IMAGES BY REFLEXION. 

101. As in the case of the formation of images by plane 
mirrors, explained above, so in reflexion by curved surfaces, 
the rays proceeding from any point in the object, after 
reflexion, converge towards a focus, which is the image of 
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the original point; and thus the rajrs from every point of 
the object form images of these points, the assemblage of 
which constitutes the entire image of the object. In the 
case of spherical mirrors, it is evident that the pencil of rays 
proceeding from any point of the object is conical, the point 
being the apex of tne cone, and the surface of the mirror its 
base ; and the reflected pencil is a similar cone, whose apex 
is the focus of the reflected rays. Also, since the teflected 
rays corresponding to the incident rays from any point of 
the object, when convergent, cross each other at the reflected 
focus, and then proceed, in the form of a divergent pencil, 
from a point of the image ; and as the same is true for every 
point of the image, it is manifest that rays proceed from it in 
the same manner as from any real object : the image, there- 
fore, will be seen as if it were a real object by an eye so situ- 
ated as to receive a sufficient number of the rays proceeding 
from it, as in the case of images formed by a plane mirror. 

102. When the object is a circular arc concentric with the 
mirror, so is the image. 

103. Let G'C'H' be the object, having for its centre the 


point O, which is also 
the centre of the mir- 
ror A VB; thenICH, 
its image, is also a 
circular arc, having 
the same centre. 

104. For the dis- 
tances of every point 
in the object, as H' D, 
G' G, from the mirror 
are all equal; and hence 
the distances of their 
images H D, I G from 
the mirror are equal ; 
and hence the image is 
a circular arc ICH, 
having O for its centre. 



Fig. 20. 


106. Rays proceeding from any point H' of the object, to 
any portion D B of the mirror, are reflected to a point H, 
and there cross each other, and then form a divergent pencil 
proceeding from H ; and on entering an eye placed at E, they 
produce a sensation of the point of the object, just as if Gfl 
were the original; and thus the image, though immaterial, 
existing only in vacant space, a mere visible, but not a 
tangible object, produces the same sensation and perception 
as if it were a material object. If P be the principal focus. 
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the position of the point C, the ima^e of C', is found by the 
proportion C' P is to O P as O C' to 0 C ; and the first three 
terms are known, consequently the fourth can be computed 
by simple proportion. 

106. The magnitudes of the object and imag*e are propor- 
tional to their distances from the centre ; that is, the size of 
the line G'C'H is to that of its image G'C'H, as the distance 
OC' to OC ; lor these arcs are the same divisions of the cir- 
cumferences of the circles of which they form a part ; and 
hence their magnitudes are as the radii of the circles OC', OC. 

Image of a Straight Line. 

107. The image of a straight line is a conic section, being 
either an ellipse, a parabola, or a hyperbola. 

108. Let MO 11 be the object, AVB the mirror, C its 

centre, and mor the image , 
It IS a portion of a conic sec- 
tion. Make C D equal to 
C 0, and D H perpendicular 
to the axis 0 V. Bisect C G 
in P, and it is the principal 
focus for a ray in the direc- 
tion II C , and r the geome- 
trical focus for the point R ; 
that is, its image is found by 
the proportion R P is to C P 
ds C R to C r, as m the pre- 
ceding article the point C 
was found. In the same 

manner the points o, m, the images of 0, M, are found. 

109. But the image 7?io r can be more readily found from 
the fact that it is a portion of a conic section, of \\ Inch the 
line D H is called the diiectrix, and the centre C a focus; 
and any point whatever in it, as r, is found fiom the propor- 
tion C D IS to C P as H r or D 5 to C r ; and as C D, C P are 
known and invariable, and D s or II r is assumed, the fourth 
proportion C r corresponding to it can be found, and hence 
also the point r is found. In the same manner the other 
points of the image are found. 

110. If / C w be drawn perpendicularly to the axis, and the 
mirror be extended to the size of a semicircle limited at X and 
Y by / w produced, then the straight line M R being consi- 
dered unlimited in length, its image produced by reflexion at 
the concave surface of the mirror is ImorUj and the other 
portion len of the image is that produced by reflexion at the 
con\ex surface of that half of the mirror, considered as a com- 



Fig 21. 
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plete spherical shell, which, if continued, would lie between 
X Y and M R. 

111. When the line C D equal to co is greater than CP, 
the image lone is an ellipse, as represented in the ligure ; 
when C D is equal to C P, the image is dL parabola, whose ver- 
tex cuts O V, and whose axis coincides with that of the mirror; 
and when CD is less than C P, the image is a hyperbola, its 
vertex and axis having positions similar to the parabolic image. 

112. The curvature of the image of a straight line, perpen- 
dicular to the axis of a spherical mirror, and short compared 
with the radius of the mirror, is inmi'iable ; and the same is 
true of a small circular plane perpendicular to the axis of the 
mirror ; its image will be very nearly a portion of a sphere 
whose radius is half that of the mirror : a screen, therefore, of 
this form would receive an accurate image of the object if its 
surface could be made to coincide with the image. If the line 
be far distant, or if it be small when near, its image being 
small, will not sensibly differ from a straight line. 

113. Images are seen in convex mirrors by means of the 
reflected rays in a manner similar to those seen in plane mir- 
rors ; they appear to be within the spherical surface. 

114. Sound and heat are capable of reflexion in a manner 
similar to light. 

115. Since the image of the point R is at r, if r were a 
small object, its image would be at 11, and by an eye pro- 
perly situated would be seen farther from the mirror than r, 
and not far out of the direction of the ray r R. Since, how- 
ever, the image is inverted, in order to see it erect, the object 
at r would require to be inverted. 

CATOPTBICAL ILLUSIONS. 

116. Many catoptrical illusions may be produced by the 
use of a concave spherical mirror. When the object is placed 
farther from the mirror than its principal focus, the image is 
always in front of the mirror, and, under favourable circum- 
stances, it will appear to be situated in the air. This is parti- 
cularly the case when the object is strongly illuminated, and 
concealed from the spectator, and when, at the same time, the 
mirror is invisible by being placed in the dark — as when the 
object and mirror are in a dark chamber, near a partition in 
which is a convenient opening for the reflected rays to pass 
through. The image may also be exhibited on dense light- 
coloured smoke, as that of frankincense ; and if the optical 
arrangements are unknown to the spectator, the effect appears 
to be magical. 


c 
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OR THE REFRACTION OF LIGHT. 

117. In the refraction, as in the reflexion of light, the angle 
contained by the incident ray and the normal is called the 
angle of incidence; but that contained by the refracted- ray, 
within the medium and the normal, is called the angle of 
Q'efraction. 

118. Thus if TUX Y be a transparent medium, the ray RI 

moving in a dif- 
ferent medium, as 
air or a vacuum,* 
and incident at I, 
will, on entering 
it, move in some 
direction, IF, dif- 
ferent from IV or 
R I produced. The 
ray IF thus ap- 
pears to be broken 
or refracted. RI 
being the incident 
ray, I F the re- 
fracted ray, and 
P N the normal at 

I to the surface T U, R I N is the angle of incidence and 
F I P that of refraction. 

119. If the distances \m, Iv, or the incident and refracted 
ray, be made equal to some nnit of lengthy then I m, I u are 
each 1 ; and the numbers denoting the lengths of the perpen- 
diculars mUj vu upon the normal N P, are called the nnes 
of the angles of incidence and refraction R I N and F I P. 
These sines are always less than 1 ; or they will always be 
proper fractions when the incident ray is in air. The angle 
contained by the deviations of an incident and a refracted 

* Generally, incident rays are understood to be moving in air, unless 
the contrary be expressed. The refractive power of air is so 6mal4 
that for ordinary purposes it may be considered as nothing. 




REFRACTION OP LIGHT. 

ray, is called the an^/le of deviation; thus FI V is the angle 
of deviation. The angles contained by the incident and re- 
fracted rays with the refracting surface may be called the 
angles of co-incidence and co-refraction; these are the angles 
RITand FIU. 

120. The plane in which the incident ray and the normal 
lie is called the plane of incidence; this plane is RTN. The 
angles of incidence, refraction, deviation, co-incidence, and 
co-refraction, all lie in the plane of incidence, considered to be 
extended. 

121. In different substamces used as media, the angles of 
deviation for the same angle of incidence are different, which 
proves that they have different refractive powers. In general, 
the denser bodies are, the greater their refractive power. 

122. The sines of the angles of incidence and refraction for 
the same medium are always in a fixed proportion ; that is, 
the sine of one angle of incidence is to the sine of its corre- 
sponding angle of refraction as the sine of another, though 
different angle of incidence, is to the sine of its angle of re- 
fraction. 

123. If, for example, mn were and u v 1, then m n would 
be to V as f to |, or as 4 to 3. Again, if the angle R I N 
were reduced so that its sine m n were only then would u v 
be only f or ^ ; for since the two former sines are as 4 to 3, 
the two latter must be to one another in the same proportion ; 
or 4 is to 3, as | to * or 

124. If, therefore, the sines of an angle of incidence, and of 
its corresponding angle of refraction for any medium are 
known, the sine of the angle of refraction corresponding to 
any other angle of incidence can be found by proportion. 
But this is more easily obtained by the following considera- 
tions : — 

125. The sine of an angle of incidence being divided by the 
sine of its corresponding angle of refraction, the quotient is 
called the index of refraction^ or the refractive index, for that 
medium. Thus in the above case the sines were f and f, and 
the former being divided by the latter, gives the fraction % 
This, then, is the refractive power of the medium, and is the 
exact number for fresh water. If, therefore, the sine of the 
angle of incidence, when water is the refracting medium, be 
known, the sine of the angle of refraction will be found by 
dividing the former by the refractive index of water — that is, 

^ niore simply, by multiplying it by |. 

126. Example. — ^If the sine of the angle of incidence in 
water be |, what will be the sine of its angle of refraction ? 
Here | is to be multiplied by which gives or nearly ?. 
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If, therefore, when m w is uv be made *, the line I v will 
be the direction of the refracted ray. 

127. When a ray passes from one medium into another of 
greater refractive power, the index of refraction is always 
greater than 1 ; but conversely, when it passes into a medium 
of less refractive power, the index is less than 1 . The index 
of refraction from, air into water was stated above to be g ; 
that from air into crown-glass is | ; and since ^ is to | as 8 
to 9, the refractive powers of these two media are as 8 to 9. 

128. If a ray proceeding from a given point in air enter a 
different medium, as water, and be refracted to a given point ; 
a ray proceeding from this latter point backward in the direc- 
tion of the refracted ray will be refracted again on coming 
into the air exactly in the direction of the first incident ray, 
and will proceed to the first point ; and in general a ray pro- 
ceeding from one point, and, after any number of refractions, 
reaching another point, will, in leaving this point in the direc- 
tion of the last refracted ray, retrace exactly the same path in 
an opposite course, and will reach the first point. 

129. The same law holds for curved surfaces, the angles 
of incidence and refraction in these being the same as for a 
plane surface touching the curved surface at the point of 
incidence. 

130. When a ray is incident perpendicularly on a refracting 
surface, it enters the medium without change ; for the angle 
of incidence being nothing, so is the angle of refraction, and 
the refracted ray consequently coincides with the normal. 

131. When a ray passes through a refracting medium, and 
then leaves it in passing into the air, it is saia to emerge^ and 
is called an emergent ray. 

132. When the 
two plane sur- 
faces bounding 
a transparent 
medium are pa- 
rallel, the course 
of the emergent 
ray is parallel 
to the incident 
ray. 

133. Thus let 
R I be a ray in 
air incident on 
the transparent 

medium PQXY; after being refracted in the direction 
I F, it will emerge from the medium into air included in the 
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Bpace X Y A G, in the direction FG, which is parallel to B I, 
tne incident rav. For if the ray were an incident ray within 
the surface in the direction F 1, it would proceed in the line 
I R by art. 128 ; now the surfaces P Q, X Y being* paralM, 
the alternate angles B I F, I F C are equal ; that is, the internal 
angle of incidence at F — namely, I F C — is the same as the 
angle of incidence at I were the ray moving in the direction 
F r ; hence the external angle of refraction M F G must be 
equal to the angle of external incidence BIN; and since the 
normals I N, F M are parallel, the rays F G, R I must also 
be parallel. 

134. Hence if a ray has traversed several different media 
bounded by parallel surfaces, its direction through the last is 
the same as if the other media had not intervened, though its 
actual position is not the same. 

135. Thus since the ray emergent into air at F is in the 
direction E G, if the space X Y A G is, instead of air, some 
other transparent medium, as crown-glass, the ray emergent 
from the first medium P Y, instead of proceeding in the direc- 
tion E G, will be refracted in the direction F D, the same as if 
the first ray R I had been incident at F, in a direction parallel 
to RI. Now the ray emergent at D would proceed in air in 
the direction D K, also parallel to F G or RI ; but if the spsce 
AG EK be supposed to be a third medium, as flint-^lass, the 
ray incident on it at D is refracted in the line P H, and 
emerges into air in a direction H L, parallel to the original 
direction R 1 . 

136. Hence the remarkable inference is deduced that, “ when 
a ray incident from any medium, as air, traverses successively 
any number of transparent media of different refractive 
powers, bounded by parallel plane surfaces, and finally 
emerges from the last into a medium the same as the first, 
its direction is parallel to its direction of incidence.’^ 

137. If the index of refraction from air into any medium be 
divided by the index for another medium, the quotient will be 
the index of refraction for a ray from the latter medium into 
the former. 

138. Example. — The index of refraction for air and water 
is ; for air and crown-glass I ; and | divided by 3 gives the 
quotient |, which is therefore the index of refraction from 
water into crown-glass ; that is, if P Y be water, and X G 
crown-g-lass, and a ray I F in water be incident at F on the 
glass, then the angles of incidence I F C, P F M are such that 
the sine of the former is to the sine of the latter as 9 to 8 . 

139. One effect of refraction is to cause the apparent eleva- 
tion of objects. Let a (tig. 24) be a small object, as a piece of 
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coin, in the bottom of a basin, and let the eye be so situated 
at C that the coin is just out of sig’ht ; then if the basin be 

gently tilled with 
water, so as not to 
disturb the coin, it 
will, by the influence 
of refraction, be seen 
in the direction of 
the line CD at h. 
For the rays from 
the coin on entering 
the air, which has a 
much less refractive 
power than the wa- 
ter, are turned away 
from the perpendicular towards the surface of the water ; and 
of all the pencils so emerging, some one will proceed to 
the eye, and the image of the coin will appear in the direc- 
tion of this pencil, and will be elevated and brought into 
sight. 

140. From the same cause, objects in the bottom of a river 
appear higher than they are, and the water seems to have less 
than its real depth. If C D6 were a straight rod, the portion 
of it, D h, immersed in the water, would appear in the position 
D «, as if the rod were broken at D. 

141. Let DIMN be any medium bounded by a plane 
surface D 1, and let R be a radiant 
point, and R D and R I two incident 
rays of a divergent pencil proceeding 
from R to the surface of the medium ; 
then RD, being perpendicular to the 
surface, suflPers no refraction, but is con- 
tinued along D M within the medium ; 
but the ray incident at I is refracted 
into the direction I N, which produced 
outwards, meets the normal D F in F. 
Therefore a small pencil of rays proceed- 
ing from R, and having the axis RD 
perpendicular to the surface, will be re- 
fracted into another pencil diverging 

from the imaginary focus F ; for all the rays intermediate 
between R D and R I will converge very near F when the 
pencil is of small extent. 

142. If an eye were situated between N and M within the 
medium, these points being supposed very near, a point R 
would be seen by means of the refracted rays apparently 




Fig. 24. 
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diverging* from F, and therefore it would appear to be more 
distant, 

143. Again, if the radiant point be situated within the 
refracting medium, as at R, the perpendicular RDM being 
the axis of the pencil, and RI an 
extreme ray incident at I ; when the 
ray emerges into air it is refracted 
in the direction I N, farther from 
the perpendicular, and its direction 
produced backwards cuts the axis in 
F, the focus of refracted rays. Now 
the pencil being supposed very nar- 
row (such a pencil as would he all 
taken in at once by the eye), the 
ray I N would, as in the preceding 
case, lie near to D M, and to an eye situated at M, the point 
R would be seen by means of a pencil of rays apparently 
radiating from F. In this and in the former case, the dis- 
tance DR is to D F as the sine of rt^fraction to the sine of 
incidence. 

144. Example. — If the medium be water, and DR 10 
inches, find the distance D F : 4 is to 3 as 10 to DF ; hence 
DF is inches. 

145. In the former of the two cases, the focus of refracted 
rays, when water is the medium, is always farther distant 
from the surface than the radiant point by one~third of the 
distance of the latter ; and in the latter case it is nearer by 
onefourth of that distance. 

146. A stone at the bottom of a pool of water 12 feet deep 
appears 3 feet higher up, or at the depth of only 9 feet. A 
straight bar of wood lying obliquely in water would have 
every part of it apparently elevated one-fourth of its depth ; 
the lower end would appear thus to be elevated in a greater 
degree than the other end, so that the image would seem less 
inclined to the horizontal line than the real bar. 

147. If crown-glass were the medium instead of water, the 
numbers 3 and 4 would have to be changed into 2 and 3 ; and 
the expressions one-third and one-fourth into one-half and 
one-third. 

CRITICAL ANGLE OF INTERNAL INCIDENCE — TOTAL 
INTERNAL REFLEXION. 

148. When a ray of light, within a medium bordering upon 
air, is incident on the internal surface, at an angle amounting 
to or exceeding a certain size, the ray is then incapable of 
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emerging into the air, and it is reflected internally at the sur- 
face according to the ordinary laws of reflexion. The angle 
of internal incidence at which this remarkable effect takes 
place is called the critical angle, as it is the limit to the emer- 

f ence of a ray; and all the light beyond this angle that falls 
n the internal surface undergoes total rejlexion, 

149. The critical angle is such that the rule of the sines 
would give the sine of refraction into air equal to the radius, 
or 1 ; now an angle whose sine is 1 is a right angle ; but the 
«nngle of external refraction could not exceed a right angle ; 
that is, if li I be a ray incident on the internal surface C D of 



a medium P Q D C, the angle E I N of refraction cannot ex- 
ceed the angle C I N. 

150. Thus to find the critical angle of refraction for water : 
Let the ray R C be incident at such an angle R C X that the 
sine of external refraction w'ould be 1 ; then by the laws of 
sines the sine of refraction is to that of incidence as 1 to the 
sine of the critical angle R C X, or 4 is to 3 as 1 to the sine of 
RCX; hence this sine is f or *75 ; and from a table of natu- 
ral sines,* the angle of which this is the sine is 48 degrees 
36 minutes — that is, 48® 36'. 

151. When, therefore, the angle RCX exceeds 48® 30', 
there can be no emergence or no refraction ; the ray is re- 
flected back within the medium in the direction C L, making 
the angle of reflexion L CX equal to that of incidence RCX. 
As no ray can emerge w^hen the internal incidence exceeds the 
above limit, there is therefore a total reflexion for upwards 
of 40°. 

152. If we fill a tumbler with water, and place the eye in a 
position somewhat lower than the surface of the water, objects 
situated beyond the tumbler will be seen by reflexion at the 

* See Mathematical Tables of “ Chambers’s Educational Course.” 
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internal surface, as if it were a plane mirror of the finest 
polish. 

Ufa, When the eye is immersed in smooth water, as at B, 
the external objects around will all be seen through a limited 
circle on the surface of the water, of which C D is the dia- 
meter, S D being made equal to S C ; for it is only the exter- 
nal rays incident on some point of the surface ot this circle 
that can reach the eye. But objects situated at the bottom of 
the water beyond the points L and Q, will be seen by internal 
reflexion at the surface. The diameter of the circle will be 
li times the depth of the eye below the surface ; so that if the 
eye is 3 feet below the water, the diameter of this circle will 
be 4 feet. 

154. For crown or plate-glass the ratio of the sines of inci- 
dence and refraction is in the case of emergence 2 to 3 ; when, 
therefore, the angle of refraction is a right angle, or its sine is 
equal to 1, that of incidence is ^ or *666, and the angle of 
which this is the sine is 4F 48'. The index for flint-glass is 
V, and the angle whose sine is it is 83^ 3'. Hence, in the 
former case, total reflexion will take place over more than 
50^ ; and in the latter, for nearly two-thirds of the whole 
range of a right angle. 
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155. The only case of compound refractions yet considered 
is that of a meaium bounded by two plane parallel surfaces. 
We shall now take up the case of a medium bounded by two 
plane surfaces making an angle ; such a medium is called a 


•prism. 

156. The angle contained by the two refracting sides of a 


prism is called the refract- 
ing angle, or vertex, as V ; 
and AV, BV, the refract- 
ing sides, are called the 
faces of the prism. The 
line in whicn the faces 
meet is called the edge of 
the prism; and a section 
by a plane perpendicular 
to the edge is called a 



principal section of it, as 

ABV. The medium is Fig. 28. 


supposed to be much 

denser than air — as water, glass, &c. — and to be surrounded 
with air. 
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167. When a ray is refracted by passing through a prism, 
the deviation of the emergent ray is always from the vertex. 
If the ray R I be incident at I, on the lower side of the nofmal 
I N, the refracted ray I E is on the upper side of the prolonga- 
tion I P of the normal, and the emergent ray E F on the 
lower side of the normal E M. The deviation is the angle 
made by the incident and refracted rays R I, E F, when pro- 
duced to meet at Y. 

168. If the refracting angle of any prism exceeds the double 
of the critical angle corresponding to the medium, no ray can 
be transmitted through it ; so that it will appear perfectly 
black if no rays enter at the third surface A B, or are reflected 
there. For crown-glass, this refracting angle of the prism is 
twice 41° 48', or 83" 36'. 

169. An eye placed at F would see an object at R in the 
direction F E Y of the emergent ray, instead of the direction 
FR. The angle of deviation of the incident and emergent 
rays R I, E F, is the angle E Y Z ; and it is found to be the 
least possible in any one prism, when the angles of incidence 
and emergence R I N, F E M, are equal. When these angles 
are equal and known, and when the refracting* angle also is 
known, the refractive power of the material ot the prism can 
be found. 


160. The camera lucida is an optical instrument useful in the 
delineation of complicated objects : it is the invention of Dr 
^ Wollaston. A B K C is a four- 
sided prism, represented on a 

A C principal section; it is a right 

7 angle; B and C are each 67“ 
J/g- 30', and K the double of this, 
or 135“. The side A B is di- 
^ ! rected towards an object, and 

'• • • — — I ; the eye at E is so situated that 

^72 I 

I both the rays from the object, 
I j and those from the paper lying 

^ horizontally at M N, may be 

Fiff. 29. seen at the same time. 


ATMOSPHERIC REFRACTION. 

161. The apparent elevation of a terrestrial object caused 
by the bending of the rays of light in their passage through 
the atmosphere, is called atmospheric refraction. When the 
density of the atmosphere varies from its ordinary state, 
the unusual refraction thus arising produces various pheno- 
mena. 
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162. Distant objects, not usually visible, from their being* 
below the horizon, become visible, and sometimes appear to 
be nearer and larger. This arises from a sudden change in 
the density of the atmosphere. 

163. The cliffs on the coast of France opposite to Hastings 
are sometimes visible there, although they are usually below 
the horizon of the place, and fifty miles distant. The French 
coast then appears so distinct that known places can be dis- 
tinguished. The sailors on board a vessel that was detained 
by the severity of the winter at Nova Zembla, observed the 
sun above the horizon, when by calculation it was found to 
be 4°, or about 8 times its own diameter, below it. 

164. An object is sometimes seen apparently inverted. This 
phenomenon happens when the density of the strata of air next 
the earth is less than that of the stratum immediately over 
it. Such an uncommon state of density happens daily on 
sandy plains exposed to the intense heat of the sun, which 
raises the temperature of the earth^s surface, and rarefies the 
air up to a certain height, where the stratum of greatest 
density comes to be situated, instead of being as usual at the 
earth’s surface. 

166. If the object that suffers the inversion be detached, the 
sky beyond it will also have its image much lower, and will 
produce the appearance of a lake lying below the erect image, 
and above the inverted one. This illusion, occurring in arid 
deserts, and termed the mirage, deludes the traveller with the 
hope of finding water ; but as he approaches, it continually 
recedes, and at last disappears, when the real objects, houses 
and villages, are distinctly seen by means of the direct light. 

166. When, from an increase in the temperature of the air 
near the earth’s surface, the density is nearly uniform to a 
small height above the spectator, while above this limit the 
ordinary rarefaction takes place, besides the ordinar}^ image 
of a distant object seen by the direct rays, there is another 
inverted image higher up, which is caused by the reflexion of 
rays that ascend from the object, and reach the above limit in 
a nearly horizontal direction, and are then by total reflexion 
turned down towards the spectator. The effect is precisely the 
reverse of the foregoing. 

167. In all cases when there is a sudden change in the 
density of any strata of a refracting medium, rays reaching 
it at a very small inclination undergo reflexion, and produce 
images similar to those of a plane mirror, inverted, not in the 
horizontal dimensions, but only in the vertical. 

168. It sometimes happens Uiat an erect image is observed 
above the inverted image. This happens when the density 
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of the air diminishes upwards more rapidly than usual. This 
image is sometimes seen along with the inverted image, when 
the object is too far distant to be seen by means of the direct 
rays. Captain Scoresby has frequently observed the pheno- 
menon in the Arctic Seas, and 
has even recognised his father^s 
ship by means of the image of 
it suspended in the air. 

169. The object, when a ship, 
is seen generally along with a 
portion of the sea, and so near 
that the erect and inverted 
images of it are in contact. 
This is illustrated in the an- 
nexed cut of the elevated, in- 
verted, and erect images. 

170. These remarkable effects 
of unusual refraction may be 
illustrated by experiment. If, 
for instance, a bar of iron is 
heated, and laid in a horizontal 
position, the air in contact with 
Its upper surface will be rarer 
than that at some distance 
above it, and thus the order of 

density will be to a small height inverted ; consequently, in 
looking horizontally along the bar to an object at a little 
height above it, its direct image will be seen by means of 
horizontal rays, and an inverted image will be seen below it 
by reflected rays. 

*171. A similar appearance may be observed by filling a 

vessel, A B C D, with a 
solution of common salt 
or sugar, with pure water 
over it. This will form a 
medium which suddenly 
changes its density up- 
wards, and if the ends at 
O and E are glass, an object at O will be seen directly by 
the horizontal rays O E, and an inverted image will be seen 
above it in the direction Es, by means of rays 0^ E reflected 
in passing from the dense to the rare medium. 

REFRACTION AT SPHERICAL SURFACES. 

172. In treating of refractions at spherical surfaces, the 
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mediuTn is considered to be much denser than the sun’ounding 
air. We shall consider first the refraction at one surface, and 
then proceed to combined or successive refractions : — 

Kefraction at a Single Spherical Surface. 

173. When parallel rays are refracted at a convex sphe- 
rical surface, they are made to converge, and the distance 
of the geometric focus of refracted rays from the surface is 
to its distance from the centre as the sine of incidence to the 
sine of refraction.” 

174. Let ABQP he a refracting medium, terminated by 
the convex spheri- 
cal surface A V B, 
whose centre is C 
and vertex V (these 
points, and the 
surface in general 
being exactly an- 
alogous to the 
same parts of a 
convex spherical 
reflector), X V the axis of a pencil of parallel rays, and R I 
any other ray of it incident at I ; then if C I N be a normal, ’ 
the angle of refraction C I F will be less than the angle of 
incidence RI N, and the refracted ray will thus turn towards 
the axis, and will meet it at sojne point F. When the pencil 
is small, or the aperture AVB of only a few degrees, the 
rays will nearly all converge to the same point F. The two 
sides I F, C F of the triangle I C F are in the exact proportion 
of the sines of incidence and refraction, and with a small 
aperture, I F does not sensibly differ from VF ; consequently, 
F V and FC, the distances of the focus F from the vertex and 
from the centre, are in the same proportion as the sines of 
incidence. 

175. Example. — When the medium is plate or crown-glass, 
the sines are as 3 to 2 ; wherefore the distances F V, C F are 
as 3 to 2 ; whence F V is to C V as 3 to 1, or V F is three times 
the radius of the lens. The distance FV is the principal 
focal distance of the surface. 

176. When the rays of a cylindric pencil are incident nearly 
perpendicular on a concave spherical surface, they are made to 
diverge ; their focus is imaginary, and lies without the medium 
on the same side as the incident pencil, and its distances from 
the surface and from its centre are in the same proportion as 
in the preceding case. 

177. When the original pencil of parallel rays is within a 
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refracting medium terminated by a spherical surface, convex 
externally, or concave to the course of the rays, the focus of 
refracted rays is real, and lies without the surface ; when it is 
concave externally, the focus is imaginary, and lies within the 
surface. In the former case, the refracted rays are conve^ent, 
and in the latter divergent ; and in both cases the focus F and 
the centre C are on opposite sides of the vertex V. 

178. The proportion as to the sines of incidence and refrac- 
tion, and the distances of the focus from the surface and from 
the centre, holds in each of the four cases ; only in the two 
latter, the incidence is within the medium, and the refraction 
without, and consequently the sine of incidence is less than 
that of refraction. 

Vergent Rays. • 

179. When a divergent pencil has a nearly perpendicular 
incidence on a spherical surface, the distance of the radiant 
point from the principal focus of parallel rays proceeding out 
from the medium, the distance of the same point from the 
centre, its distance from the surface, and its distance from the 
geometric focus of refracted rays, are proportional. 

180. Let M N U W be the medium, terminated by the con- 
vex spherical 
surface M V U, 
R the radiant 
point, I the point 
of incidence, F 
the geometric 
focus of refract- 
ed rays, C the 

centre, and P the principal focus for parallel rays in an oppo- 
site direction, or incident internally on the surface, then the 
distance R P is to R C as R V to R F, which gives the focus of 
refracted rays. 

181. Example. — Let the medium be crown-glass, the 
radius 2 inches, and the distance of the radiant point from the 
surface, or R V, 12 inches ; to find the focus F of refracted 
rays. 

182. P V is twice the radius C V, or 4 inches, therefore R P 
is the difference of 12 and 4, or 8 inches ; also R C is the sum 
of 12 and 2, that is, 14; hence the proportion R P to RC as 
R V to R F becomes 8 to 14 as 12 to K F ; and R F is therefore 
21 inches. If from the length RF, RV be taken away, the 
remainder is F V, the distance of F from the surface ; now the 
difference between 21 and 12 is 9, and therefore F V is 9 
inches. 
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183. In order to understand the nature of the refraction 
produced by a lens (which is a refrapting* medium bounded by 
two spherical surfaces), the following case may be premised. 

] 84. When convergent rays within a medium are incident 
on a concave spherical surface, and refracted into air, the same 
relation exists among the various distances as in the preceding 
case. 

185. Let M W be a refracting medium bounded by the sur- 

face IVU, and 
let the external 
medium be air ; 
the latter is then — 
bounded by a ^ 
concave spheri- 
cal surface IVU; 
let convergent Fig. 34. 

rays within the 

first medium, of which G I, P V are two, have R for their 
imaginary focus ; and after refraction at the surface, let the 
emergent rays converge to F as the refracted focus ; then 
if C is the centre of curvature, R P is to R C as R V to R F ; 

* being the principal focus of rays incident in the opposite 
direction, or from air to the medium IVU. 

186. Example. — Let the medium be crown-glass, and let 
the radius C V be 3 inches, and the distance R V of the ima- 
ginary radiant point 9 inches ; required the distance F R of 
the focus of emergent rays F from the radiant point. 

187. Here C V is 3 inches, and PV is three times CV, or 
9 inches ; hence R V is 9 inches, R C is 12, and R P is 18, and 
the prcmortion R P to R C as R V to RF becomes 18 to 12 as 
9 to R F ; hence R V is 6 inches. 

Aberration of Sphericity. 

188. In the case of reflexion at spherical surfaces, it was 
shown that the rays do not all converge to one point ; so in 
refraction a caustic surface is formed. 

189. There is one radiant point for every single refracting 
surface for which there is no aberration of the refracted rays. 
This remarkable case will be understood by referring to 
fig. 85. M U' is the medium, C the centre of the surface, and 
A V, B I are two rays of a pencil converging to R, which 
is thus an imaginary radiant point ; B I is refracted into I F. 
Now if the point R be so chosen that R C is to C V as the sine 
of incidence to the sine of refraction, or as the refractive index 
to 1, the focus F of refracted rays will be found by making 
C V to C F as the sine of incidence to the sine of refraction ; 
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and as the position of R is constant for the same medium, so 
is that of F, or F is the s^me for every incident raj that con- 



Fig. 3j. 


verges to F ; so that all the incident rays unite in the same 
•point after refraction, and there is thus no aberration. 

190. When there is no aberration of reflected or refracted 
rays at a surface, the surface is said to be aplanatic ; and the 
combination of reflecting or refracting surfaces is called an 
aplanatic combination. 

191. Were M V U a concave surface of a medium lying on 
the other side of it — that is, towards A — then rays incident 
from air from the point R would, after refraction, be divergent 
exactly towards a point F, when U C is to C V as above ; that 
is, as the index of refraction from air is to 1. 

192. An aplanatic refracting surface can also be formed by 
the revolution of an ellipse about its major axis. If the major 
axis be to the double eccentricity as the sine of incidence to 
the sine of refraction, then parallel rays incident on, or in the 
direction of the axis, will converge towards one of the foci. 
The revolution of a hyperbola of certain proportions about its 
axis will also produce an aplanatic surface. 

193. A parabolic refracting surface possesses no peculiar 
property analogous to that of a parabolic reflector. 


REFRACTION AT TWO SURFACES— LENSES. 

194, A lens is a refracting medium terminated by two 
spherical surfaces, either of 
A ^ ^ which may be convex or con- 

H \ f ^ w annexed figure 

H 8 W I H shows the different kinds of 

W F ^ \ I^y* A is a double convex 

p gg lens, with two convex sur- 

^ ‘ ■ faces ; B is plano-convex., one 

surface being plane, and the other convex; C is double 

concave f both surfaces being concave; D is piano • concave j 
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having one surface plane, and the other concave; E is a 
meniscus^ one side of which is convex, and the other con- 
cave, and tlie two either meet as in the figure, or are such 
that, if sufficiently extended, they would meet; and F is a 
concavo-convex^ but the convex surface has less curvature; 
that is, a greater radius than the concave one, and conse- 
quently they could not meet like the meniscus. 

196. Besides these terms, the lenses sometimes receive other 
names that indicate which of the two surfaces is turned 
towards the incident light; the surface so turned being termed 
the anterior surface of the lens, while the other is the posterior 
surface. Thus if light were incident from the right hand on 
the lens F, its right side would be its anterior surface ; and as 
it is concave, and the posterior surface convex, it is in this 
position called a concavo-convex lens; but if the light were 
incident from the left, the convex would then be the anterior 
surface, and it would be termed a convexo-concave lens. So 
the lens B would be called plano-concave, or concavo-plane, 
according as the light is incident on its plane or its convex 
side. 

The Centro and Focal Centres of a Lens. 

197. There is a fixed point within most lenses, but without 
some of them (such as the meniscus and concavo-convex), 
called its centre, from which the focal lengths are sometimes 
estimated when the thickness is considerable. This point 
can be found thus: let AB be the lens; C,, Co, the centres 
of its sur- 
faces ; draw 
any two radii 
C, E, Cg G, 
parallel to 
each other, 
and join E G, 
and its inter- 
section O with 
the axis M N 
is the centre, 

198. It is a 
remarkable 
property of 
the centre of 

a lens, that when any ray refracted by the lens passes through 
it, the incident and emergent portions are parallel. Thus if 
BE be an incident ray refracted in the direction EG, the 
emergent ray G Ris parallel to D E. For the radii E, Cg G 

D 
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ure parallel, and therefore the tangents to the curves at E 
and G being perpendicular to the radii, are also parallel ; in 
other words, the surfaces at the points E, G are parallel, and 
the refraction in the direction E G is the same as through a 
medium limited by parallel sides. 

199. The rule for finding the centre may be expressed thus : 
multiply the thickness of the lens by the radius of one sur- 
face, and divide the product by the sum of the radii, and the 
quotient is the distance of the centre from the vertex of that 
surface. 

200. The position of the centre is the same in every lens of 
the same dimensions, whatever may be the material of which 
it consists. 

201. In an equi-convex or equi-concave lens, it is the middle 
point of its axis M N. 

202. In a plano-convex or plano-concave lens, it is in the 
vertex of its curved surface. 

203. In the concavo-convex and meniscus lenses, the centre 
is without the lens ; in the former beyond the concave, and 
in the latter beyond the convex surface. 

204. The focal centres u, t;, are found by the following pro- 
portion: Fj,F 2 are the principal foci of the two surfaces by 
a single refraction, as found by the method explained above ; 
then Fj F^ is to Cj Cj as O N to Ou / or the index of refrac- 
tion is to the reduced index as the distance of the centre from 
either vertex of the two surfaces, to the distance of the centre 
from the focal centre next to that surface. 

205. In a double convex lens of crown-glass, the index is 
I ; and as the centre is in the middle, | is to or 3 is to 1 as 
half the thickness to the required distance Ov ; therefore 0 v 
is I of the thickness divided by 3 — that is, \ of the thickness ; 
and N is ^ the thickness diminished by | of it ; that is, f or 
the thickness from the vertex N. The other focal centre u is 
of course at the same distance from the other vertex M. 

206. In the plano-convex lens, the distance of the focal 
centre lying towards the plane side is at ^ of the thickness 
from the vertex of the curved side, or f of the thickness from 
the centre of the plane side. For the centre O of the lens is 
in the vertex N of the convex side, and O M becomes the 
whole thickness ; therefore 3 is to 1 as the thickness to i of it. 
For crown-glass the above rule is simply stated thus : — 0 v is 
^ of 0 N, and O w is i of 0 M in all cases. 

Parallel Rays. 

207. When a lens is a complete sphere^ its principal focal 
distance, if measured from the centre, is not found in the 
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same manner as in an equi-convex lens ; for in findinj^ tlie 
focal lengths of lenses the rule is not perfectly correct, though 
it is sufficiently precise for most practical purposes. The 
principal focal length in a sphere is found thus : — The excess 
of the index of refraction above 1 is to that index as the 
radius of the sphere to twice the focal distance ; that is, twice 
the focal distance is equal to the product of the index of re- 
fraction, and the radius divided by the excess of the index 
above 1. 

208. Thus, for glass, the index being | , its excess above 1 is 
I, and t times the radius divided by ^ is 3 times the radius ; 
hence the focal distance is li times the radius. 

209. Example. — Let the radius of the sphere be 2 inches, 
then the focal distance is 1 ^ times 2 inches — that is, 8 inches ; 
or the principal focus is an inch from the sphere. 

210. When the index of refraction is 2, the focus is in the 
surface ; and when the index exceeds 2, the focus is within 
the sphere. 

Principal Focus of a Lens. 

211. When a pencil, whether cylindrical, divergent, or 
convergent, is incident nearly peroendicular on the anterior 
surface of a lens, the rays are refracted within the medium 
into new directions ; and when they reach the second surface 
on emerging into air, they are again refracted. The focus of 
the first refracted rays can be found as already shown for 
the case of refraction at a single surface, and this focus is to 
be considered as a new imaginary radiant point from which 
the rays are incident on the second surface ; and the focus of 
the rays thus again refracted can be found in the same 
manner. 

212. Thus let I H G L be a double convex lens, and R M, 
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Q I, S H parallel rays of a cylindric pencil incident on it ; and 
let it be required to find the focus F, of emergent rays after 
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being refracted at the two surfaces of the lens. This point 
may be found by construction as follows ; — Draw a figure of 
the lens, C and c being the centres of curvature of the two 
surfaces ; and having found the centre of the lens O, draw the 
line R O Fa through it parallel to the direction of the incident 
rays ; then through C, the centre of the first or anterior sur- 
face, draw another line QcF,, parallel to RM ; and the ray 
QF, being perpendicular to the first surface, the focus F, of 
rays incident on it can be found. Join F, and c the centre of 
the second or posterior surface, and it will intersect the central 
ray R F^ in the focus of the lens F^. 

213. To calculate O F , the following is the proportion : — 
The sum of the radius of the two surfaces is to the radius of 
the second surface as the distance of the first focus from the 
centre of the second surface, to the distance of the second 
focus from the centre of the lens. 

214. When the incident rays are parallel to the axis Y 0, 
the same rule for computation applies; and the foci F,, F^ 
are then in the axis X Y of the lens ; but the same method 
of construction would be inapplicable. 

Images Formed by Lenses. 

216. Of three cylindric pencils let EE'E" be rays of the 
first, proceeding from some point of an object so distant that 
they may be considered parallel ; D D' D" rays of the second 

from another point ; 
and F F' F" from a 
third point ; and let 
them be incident on 
the lens A B ; these 
pencils after refrac- 
tion will converge to 
the foci G" G' G, 
situated each on the 
central ray of its re- 
spective pencil. Thus 
images of the three 
points of the distant 
object are formed ; 
and in the same manner pencils proceeding from the other 
points of the object form images of those points, and thus an 
image of the whole object will be formed in the principal 
focus of the lens. 

216. It is to be observed, that the principal focus of a lens, 
though merely a point for a cylindric pencil, is, in reference 
to all the parallel pencils that can fall on it, a spherical surface, 
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whose centre is nearly in the centre of the lens. An image, 
therefore, for parallel rays, is a portion of a curved surface. 

217. The rule above given iof determining the principal 
focal distance of a double convex lens, is also applicable to the 
double concave, the concavo-convex, and the meniscus lenses ; 
only in the case of the two last the difference of the radii of 
the surfaces must be taken instead of the sum. It is further 
to be observed that the focal distance is to be measured from 
the surface of the lens next the focus. If the distance is 
required with more accuracy, it may be estimated from the 
centre of the lens, or, more accurately still, from the focal 
centre next to the focus. 

218. There is an aberration produced by lenses, in the same 
manner as by refraction at a single surface. That form of 
lens which causes the least possible aberration with incident 
parallel rays, is a double convex, the radii of whose surfaces 
are to one another as 1 to 6; the more curved side being 
the anterior surface, and the material being crown or plate- 
glass. 


Vergcnt Rays. 

219. To find the geometric focus of rays refracted by a 
sphere^ when the incident pencil is divergent. The proportion 
IS as follows: — ^^The distance of the radiant point from the 
centre of the sphere, is a mean proportional between its dis- 
tances from the principal focus of rays incident in an opposite 
direction, and from the focus of refracted rays.^^ 

220. For a double convex lens, when the thickness is incon- 
siderable, the rule is the same as for a sphere. 

221. When vergent rays either converge to, or diverge 
from the centre, their vergency is not altered by refraction 
through the lens ; but in eveiy other case where vergent rays 
are incident nearly perpendicular on a convex lens, the lens 
increases the convergency, or diminishes the divergency, 
according as the incident pencil is convergent or divergent. 

222. Since when parallel rays are incident on a lens, they 
are concentrated by refraction into the principal focus; so, 
on the other hand, when the radiant point is in the principal 
focus, the rays of the pencil proceeding in the opposite direc- 
tion will emerge parallel. 

223. If the radiant point is nearer a convex lens than its 
principal focus, and the pencil is divergent, the emergent rays 
are divergent, having their imaginary focus on the same side 
of the lens as the radiant point, but farther distant than this 
point. In the case when the radiant point is half-way between 
the lens and its principal focus, the imaginary focus of emer- 
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gent rays is in the principal focus ; when the radiant point 
is still nearer the lens, the imaginaiy focus is nearer than the 
principal focus ; but when the radiant point is farther distant 
than half, but less than the whole focal length, the imaginary 
focus is farther distant than the principal focus. 

224. Let UV be a double concave lens, with convergent 
rays M O, N I incident on it, whose imaginary radiant point 

is H ; and let 
the emergent rays 
meet in the geo- 
metric focus F, to 
hnd its position. 

225. Find P the 
principal focus of 
rays incident in 
the opposite direc- 
tion — that is, in a 
direction parallel to F O ; then R P is to R O as R O to R F ; 
so that as R P and R O are measured in opposite directions 
from R, so must R 0 and R F. 
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Compound Lenses. 


226. The focal length of a compound lens can be found by 
means of the preceding rules; and as the object-glasses of 
good telescopes and microscopes are composed of two or more 
lenses, placed side by side, it is useful to know how to com- 
pute the focal distances of such combinations. 

227. Let I C, E D be a convex and a concave lens combined 


together, required the principal focal length of the compound 
lens. Let R A, M I be two rays of a cylindrical pencil. In 

the first place, the 

\ 7 A principal focus P^ 

\ of the convex lens 

\ I C has to be found ; 

— — ~ I I then all the rays 

^ ^ ^ /Tl I ^ proceeding from 

/ \\ / the second surface 

/ \\/ of this lens would 

n c converge towards 

Fig. 41. . were it not for 

the intervention of 


the concave lens ; therefore a convergent pencil, whose virtual 
focus or radiant point is P, is incident on the first surface of 
the concave lens; and since such a lens makes convergent 
rays less convergent, the rays emerging from its second sur- 
face will converge towards a point F farther distant than P^, 
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and its distance F B from tliis lens can be computed by the 
rule given above. 

228. A single lens whose focal length is equal to that of a 
compound lens, is called its equivalent lens. The greater the 
focal length, the less is the convergent power of a convex 
lens; ana on the other hand, the less its focal length, the 
greater is its convergent power. The power, therefore, of a 
fens to alter the vergency of a pencil, is inversely as its focal 
length. 

Focal Length of a Compound Lens. 

229. If a compound lens is composed of any number of 
single lenses placed in contact, and of inconsiaei’able thick- 
ness, compared with their focal lengths; ^‘the sum of the 
reciprocals of the focal lengths of the separate lenses is the 
reciprocal of the focal length of the compound lens.” 

230. Example. — The focal lengths of three convex lenses 
are 6, 10, and 12 inches ; when placed in contact, determine 
the focal length of the compound lens. 

231. The reciprocals of 6, 10, and 12, are J, and y?; and 
the sum of these fractions is the reciprocal of which is 

or 2^g inches. 

232. When any one of the single lenses is concave, its focal 
length must be considered to be negative in reference to the 
convex lenses, and its reciprocal must be subtracted from 
the sum of the reciprocals of the focal lengths of the convex 
lenses. 

233. Example. — If the second lens in the preceding ex- 
ample were concave, then the reciprocal would have to be 
subtracted from the sum of ^ and that is, from y\, or i. 
Now the difference of \ and is and hence the focal 
length is or 6- inches. 

234. If more than one lens is concave, then of course the 
sum of the reciprocals of their focal lengths is to be taken 
from that of the convex lenses ; and if the former sum ex- 
ceeded the latter, it would show that the compound lens 
would cause the finally emergent rays to converge to a prin- 
cipal focus on the same side as the incident hght. 

236. The same rule applies to find the focal length of a 
lens compounded of concave lenses ; the principal focus being 
on the same side as the incident light. 

236. The preceding articles show how the principal focal 
length of a compound lens is found when the simple lenses 
are in contact — tnat is, the focal length for incident parallel 
rays ; and by means of this focal length, the geometric focus 
of such a lens, and for any distance of the radiant point, or for 



66 


OPTICS. 


vergent rays, can be found in exactly the same way as for a 
single lens. The rule is — “ Find the principal focal length of 
the compound lens ; then the reciprocal of the distance of the 
geometric focus of the finally emergent rava is equal to the 
excess of the reciprocal of the focal length above the reciprocal 
of the distance oi the radiant point.” 

237. Example. — The principal focal length of a compound 
lens is 10 inches, the distance of the radiant point is 24 
inches ; find the distance of the conjugate focus from the lens. 

238. The reciprocals of 10 and 24 are and gV ; the diffe- 
rence of these is ; hence the reciprocal of the required focal 
length is /j, and this length itself is Y, or 3? inches. 

239. If the distance of the radiant point were equal to the 
focal distance — that is, if the radiant point were in the prin- 
cipal focus — the emergent rays would be parallel. Were the 
distance of the radiant point less than the principal focal 
length, the required focus would be on the same side of the 
lens as the radiant point — the emergent rays would be 
divergent, and the focus an imaginary one. 

240. It is sometimes necessary, in computing the magnify- 
ing powers of optical instruments, to find the focus of re- 
fracted rays of a compound lens, when some of the individual 
lenses are separated by considerable intervals. 

241. Thus let A, B be two lenses whose axes coincide, P,, 
P-j being their respective principal foci ; then if parallel rays 
X A, R 1 are incident on the anterior surface of the lens A^ 
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they will first unite in P, its principal focus, and after refrac- 
tion through the second lens B, they will unite in the con- 
jugate focus F. 

242. First find the focal length AP, of the first lens, and 
BP„ that of the second lens; then having given BP, the 
distance of the radiant point from the lens B, find the cor- 
responding conjugate focal distance B F. 

243. Example. — Let the focal lengths of the first and 
second lenses be 4 and 3 inches respectively, and the interval 
between them 10 inches ; find the focal length for incident 
parallel rays. 

244. Hero A P, is 4 inches, B P^ is 3, and AB 10 ; hence 
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P j B is the difference between 10 and 4 — that is, 6 inches ; 
and the difference of the reciprocals of 6 and 3, or of J and 
ia i, which is therefore the reciprocal of B F ; and conse^ 
quently B F is 6 inches. 

245. " When two lenses composing a compound lens or eye- 
piece are separated by a considerable interval, it is sometimes 
necessary to determine the focal length of an equivalent single 
lens — that is, of a lens that will cause the axis of an incident 
pencil to cross the axis of the compound lens at the same 
angle ; for it is on this an^le that the power depends. 

246. Let A and B be the lenses, and R C a ray of a cylindrical 
pencil incident on A, which, after refraction by the lirst lens, 
is incident at D on the second lens B, and after refraction by 
it, proceeds finally to the focus of refracted rays F'. The 
power of the compound lens then depends on the angle 
JD F' B ; and if from C a line C F be drawn parallel to D F', 
A F would be the focal length of the single lens of equivalent 
•power ^ since it would make the same ray R C after refraction 
cross B X at the same angle. 

247. Let P, Pj be the principal foci of the lenses A and B ; 
then the reciprocal of B F' is the sum of the reciprocals of B P , 
and B Pg (art. 229). B F' can thus be found ; and it can be 



^ ^ 


E 


Pi 


1 F 

\ 

1 A 

X 




V 

Fig. 43. 




deduced by geometrical reasoning, that BP, is to A P, as 
B F" to A F ; whence, the first three terms being known, the 
fourth, A F, can be found. 

248. Example. — The focal lengths of two lenses are 3 inches 
and I of an inch, and the interval between them is 2i inches ; 
find the equivalent lens. 

249. Here A P, is 3 inches, AB is 2J, and their difference 
BP, is therefore i inch. Now the reciprocal of B P^ is 
and that of B P,, or of i inch, is 2 inches, and the sum of 
these reciprocals | and 2 inches is 3^ inches, or ^ inches, 
which is the reciprocal of BF', and BF' itself is conse- 
quently ^ of an inch. Now B P, is to A P, as B F' to A F; 
or ^ is to 3 as to A F ; therefore A F is of an inch. 

260. A single lens, therefore, of this focal length would have 
the same refractive power as the combination in question. 
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Aplanatio Lenses, Single and ComponndL 

261. When lenses have no spherical aberration — that is, 
when all the rays of the same colour refracted through a lens 
converge exactly to a single point — it is said to be aplanatic. 

262. Given a radiant point, an aplanatic lens may be formed 
thus : — If R be the imaginary radiant point of a convergent 



S encil, of which A V, B I are two rays incident on the lens 
I V U, and if its form and position are such that R C is to 
C V as the sine of incidence to the sine of refraction, all the 
rays after refraction at the first surface M V U — that is, all 
the rays within the medium M u — will be directed towards a 
single point F ; and if therefore the second surface mvu of 
the lens have this point for its centre, the rays within the 
medium, being in the direction of the radii of this surface, and 
therefore perpendicular to it, will proceed without change of 
direction to the focus F. 

263. In like manner, if divergent incident rays have F for 
their radiant point, they would follow the same path in a 
reverse direction, and after refraction be divergent from the 
imaginary focus R. 

254. If the lens had for one of its surfaces MVU, and for 
the other a surface whose centre is R, but situated on the 
other side of it, or towards it, a divergent pencil from R 
would, both after the first and second refractions, verge towards 
F, so that F would be the imaginary focus of the emergent 
pencil. 

256. Lenses with one surface spherical, and the other 
^heroidal, and lenses with a plane and a hyperboloidal sur- 
face, will refract certain pencils without aberration. 

2^. Thus if an ellipse A B I (fig. 45), whose major axis A B 
is to its double eccentricity F/ (the distance between its foci), 
as the sine of incidence from air to the sine of refraction in a 
given medium ; then it can be proved, from the properties of 
the ellipse, that the spheroid formed by the revolution of the 
ellipse about its axis A B, and consisting of the same matter 
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as that medium, will accurately refract incident parallel rays 
X B, R I to the farther focus F within the medium. 

257. Hence if C B D be a lens contained by the spheroidal 


surface C I B, and a concave 
spherical surface C V D, whose 
centre is F, it is evident that 
the parallel incident rays 
X B, RI, when refracted at 
the first surface, being then 
directed to F, will not change 
their direction by refraction 
at the concave surface, and 



Fig. 45. 


will therefore converge accu- 
rately to F. The lens, therefore, in this case is aplanatic. 

258. So if the lens were contained by the spheroidal surface 
C B D F, and a convex spherical surface beyond it towards X, 
having F also for its centre, then parallel rays incident on the 
concave surface C B D would be refracted into a divergent 
pencil, having F for its virtual focus ; and this pencil would 

ass through the convex spherical surface without change of 
irection, so that F would still be the focus of emergent rays. 

259. When a medium is terminated by a hyperboloidal sur- 
face C B D, having its 
major axis A B to its 
eccentricity F / as the 
sine of refraction of the 
medium to the sine of in- 
cidence in air, incident 
rays in the medium pa- 
rallel to the axis will be 
refracted to the external 
focus f; and if the me- 
dium be also limited by a 



plane surface C V D per- Fig. 46 . 

pendicular to the axis, 

the pencil will proceed unaltered in direction to the convex 
surface C B D, and will therefore form an emergent pencil 


converging to F, 

260. A lens of glass whose index is that shall have the 
least possible aberration for parallel rays, must have the curva- 
ture of its surfaces of the same kind — that is, both convex or 


both concave — and the radii of the surfaces as 1 to 6, the more 


curved side being the anterior surface. 

261. If two plano-convex lenses are placed in contact, with 
both curved surfaces turned towards the light, the aberration 
is only one-fourth of that of the single equivalent convex lens 
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formed by placing the two plane surfaces together, although 
the focal distances in both cases are sensibly uie same. 

262. If a double convex lens of the respective radii 6*833 
and 36, and a meniscus with radii 3*688 and 6*291, or 2*064 
and 8*128, ai’e placed in contact, the first being anterior, and 
the more curved side of the first and the convex side of the 
second turned towards the light, the compound lens will be' 
entirely free from aberration for parallel rays, whatever be 
the material it is made of, provided the same material is used 
for both lenses. 
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PRISMATIC COLOURS. 

263. The laws of reflexion and refraction hitherto con- 
sidered refer to homogeneous light — that is, light of only one 
colour ; but the rays emitted from most luminous bodies are 
compounded of light of various colours. The light of the sun, 
which is white in its natural state, when made to pass through 
a prism presents an array of seven distinct colours, called 
primary^ and also prismatic colours ; these are violet ^ indigo ^ 
blue, green, yellow, orange, and red. Their ref Tangibilities — 
that is, the degrees that they are severally refracted under the 
same circumstances — are different: the violet is most re- 
fracted ; the red the least ; and the refrangibilities of the 
intermediate colours follow the order of the above enumera- 
tion. 

264. Let A be the refracting angle of a prism A B C, seen in 
a cross section, and W I an incident ray of light passing into 
a dark apartment, through either a very minute circular aper- 
ture W in a window-shutter, or (what is better) through a 



very narrow rectangular slit in a slip of copper fixed in the 
shutter, its length being parallel to the lateral edges of the 
prism ; then whenever the ray enters the prism at I, its com- 
ponent^ simple colours, being refracted in different degrees, 
immediately separate in obedience to their peculiar laws of 
refraction, and form a divergent pencil, which on emergence 
continues to be a divergent pencil of different colours, and on 
being received on a white surface, as a screen of white paste- 
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board, forms a coloured elongated picture P S, called a spec- 
trurriy or in this case the prismatic spectrum, 

265. If the whole length of the spectrum formed by a flint- 
glass prism is reckoned 360, the lengths occupied by the sepa- 
rate colours are — v 109, i 470, h 48, g 46, y 27, o 27, r 56, 
The light near the middle of the yellow has the greatest in- 
tensity ; the brightness decreases from this point gradually to 
the ends of the spectrum, being extremely laint at the violet. 
The indices of refraction for crown-glass are — v 1*547, i 1*542, 
b 1*536, g 1*533, y 1*530, o 1*527, and r 1*526. 

266. It had long been known to painters that the ordinary 
colours consist of red, yellow, and blue, and their mixtures. 
The optical hypothesis of three primary or elementary colours 
was first imagined by Mayer, who produced all the prismatic 
colours by combinations of red, yellow, and blue. Dr Young 
assumed red, green, and violet as the primary colours, ana 
showed that the others can be formed by combining these in 
dijfferent proportions. By analysis of the colours of the pris- 
matic spectrum. Sir David Brewster also showed that ii the 
spectrum be considered as composed of three simple spectrums 
of red, yellow, and blue, in different degrees of intensity at 
different parts of the spectrum, the result would be exactly 
similar to the real spectrum. The point of greatest intensity 
of the simple red spectrum is near the middle of the red space 
in the common spectrum; the maximum intensity of the 
yellow spectrum is in the middle of the yellow space ; and the 
maximum for the primary blue spectrum is between the blue 
and indigo. These three colours, in proper proportions, also 
constitute a white light ; and wherever one oi them predomi- 
nates over the other two, coloured light is produced. On this 
subject, however, there is an absence of all positive proof, as 
any colour may be formed by combining others. 

267. If the eye were applied at EF, coloured images of 
the aperture W would be seen at v' g'r's the image in the 
direction of the violet ray at v' would be violet, that at r' in 
the direction of the red ray would be red, and so on ; so that, 
in fact, another spectrum would be seen at v' g'r' exactly 
similar to the first, with the colours in an inverted order. 

268. In looking through a prism in this manner at a small 
white object, a lengthened coloured image of it would be seen; 
so in looking in the same way at any white ground, as a 
piece of white paper, a spectral image is formed of every 
point of it ; but these images, by overtopping, blend all the 
colours together in the exact proportion to produce the impres- 
sion of white light, excepting at the two edges of the paper 
that are parallel to the lateral edges of the prism ; but, as in 
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these the extreme image on the side next the refracting angle 
is not entirely overtopped by the next image within, the most 
refrangible colour of the extreme image — namely, the violet — 
remains an outstanding colour. For a similar reason, the 
extreme image of the other edge of the paper farthest from 
the refracting* angle, is not wholly overtopped by the adjacent 
images, so that its least refrangible colour remains outstand- 
ing from the general white image. The image of the paper 
is thus white, having these two opposite edges beautifully 
fringed, one with violet, and the other with red. 

269. On the same principle, a dark object on a white ground 
— as a blot of ink on a sheet of paper — is seen with its borders 
fringed like a white object ; but the colours are reversed — that 
on the edge nearest the refracting angle being red, and that 
on the other violet. When the refracting angle of the prism 
is great, the fringes will be almost entire spectrums. 

270. When the spectrum is carefully examined by using a 
good prism, and a thin beam of light, there are certain lines 
visible in it, called the Jixed lines of the spectrum. Most of 
these lines are dark, but some of them are bright. They lie 
across the spectrum in a direction pe^endicular to its length, 
or parallel to the boundaries of the different colours, or parallel 
to the lateral edge of the prism. They were observed first by 
Dr Wollaston, by applying his eye to the prism in the way 
mentioned above; but thirty years afterwards, Fraunhofer, 
by using a telescope instead of the naked eye, counted about 
600 of them, and Sir David Brewster has extended the num- 
ber to about 2000. 

271. The most prominent groups of lines lying in the 
various coloured spaces have received the names B,"C, D, E, 
F, G, H ; and the refractive powers of the different colours 
are now referi'ed to them, thus affording a very precise mode 
of measuring the indices. The lines have different positions 
for different media with the same light, and are different for 
the same medium with different light. 

272. If a cylindrical pencil of light after refraction at a 
prism which renders it a divergent-coloured pencil, is inci- 
dent on another equal prism, having its lateral edges parallel 
to those of the former, but its refracting angle turned in a 
reverse position, and if the light is incident on both at the 
angle of minimum deviation, the second prism will exactly 
reverse the effect of the first, and will cause all the rays of 
different colours to emerge in a cylindric pencil of white 
light : also the emergent ray will be parallel to the incident 
ray. 

273. Thus if A B C (fig. 48) be the first, and U V W the 
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second prism, the parallel rays R I, after passing* through both 
prisms, will emerge in the cylindric pencil E M parallel to I R. 

274. The refractive 
powers of different media 
oeing different, if a pen- 
cil of rays is incident on 
two prisms of different 
media at such angles as 
will make the entire re- 
fraction or deviation of 
Fig. 48. the middle or mean ray 

the same for both, it will 
be found that the spectra formed by them on equidistant 
screens are of unequal length, or, in other words, that the 
colours are more separated by one of the prisms than by the 
other. This separation of the colours is called dispersion; 
and different media have thus different dispersive powers. 
Not only are the dispersive powers of media different, but the 
colours are unequally dispersed ; that is, the length occupied 
by a colour does not always bear the same pi’oportion to the 
whole length of the spectrum. This unproportional dispersion 
of the colours is called the irrationality of the spectrum. The 
dispersion of any two rays of the spectrum is measured by 
the angle at the point of emergence, contained by lines drawn 
from it to the colours in the spectrum. 

275. One medium may produce the same amount of disper- 
sion as another with a less refraction. If, therefore, a cylin- 
drical pencil is incident on a prism of one medium at such 
an angle as to cause a dispersion equal to that produced by 
another prism with a different refracting angle, and causing 
of course a different amount of deviation of the mean ray ; 
then the pencil, after refraction at the second prism, when 
placed as in art. 274, will, on emergence, be composed of 

arallel rays of different colours ; but the emergent will not 
e parallel to the incident pencil. In the former case, there 
was no linal deviation ; in the present case, there is a devia- 
tion: consequently it is a case of effective refraction, or a 
change in the final direction of the pencil without colours. 

276. When two media not contained by parallel planes, and 
causing different degrees of refraction, correct each other^s 
dispersion, they are said to form an achromatic combination, 

277. Two prisms of different media may therefore be 
cemented together, so as to form a compound achromatic 
prism. If a plate-glass prism have a refracting angle of 60°, 
it will give for its minimum deviation an angle of 38°, and a 
dispersion of V 24' ; and a prism of flint-glass, with a refract- 
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ingf angle of 36® 34', and a mean refraction or deviation of 
23® 34', will give exactly the same amount of dispersion ; and 
if a pencil be made to pass through the prisms placed in the 
reversed position, and so inclined that the mean ray will pass 
through each of them with a minimum deviation, they will 
achromatise each' other, and at the same time produce a tinal 
refraction or deviation of 14® 30'. In this case the extreme 
rays (red and violet) are dispersed by each at an angle of 42', 
but in opposite directions. 

278. Although, by this adaptation of the prisms, the ex- 
treme emergent rays are made parallel, yet, on account of the 
irrationality of the spectra of the two prisms, the other rays 
are not brought exactly to a parallel direction ; so that there 
is still some degree of colouring pi’oduced ; or the edges of an 
object seen through the double prism would have coloured 
fringes, although very minute. 

279. When a pencil of white light is incident on a lens, it 
is evident that since the differently-coloured rays have diffe- 
rent indices of refraction, their foci will not coincide. As the 
violet rays have the greatest refrangibility, their geometric 
focus will be nearer to a convex lens than the foci of the other 
colours. 

280. Let a cylindrical pencil, of which X V is the axis, and 
M A, N B two extreme rays, be incident on a lens A B. Sup- 
posing there is no spherical aberration, the violet rays would 
converge to a focus r, and the red to another focus r farther 
from the lens, the green to a point o in the middle between 
V and ?*, and the other coloured rays to other foci, according 



to their refrangibilities. The point u would thus be of a violet 
colour, r red, and so on. Also, if a piece of card were held 
at (?, perpendicularly to the axis (? V, a circular space on it, 
of which 0 is the centre, and c e the diameter, would be illu- 
minated with differently-coloured rays ; the centre being green, 
and surrounded by rings composed of the other colours. 

281. It has been already mentioned that a single surface or 
lens might be free of aberration of form for a particular posi- 
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tion of the radiant point ; but this is not the case for chro- 
matic aberration : in other words, though a single surface or 
a single lens may be aplanatic for a particular position of the 
radiant point, it is impossible for them to be achromatic, or 
free of aberration of colour. But by means of a combination 
of two or more lenses, an almost perfect freedom from colour 
can be produced. 

282. The longitudinal dispersion of a lens — that is, the dis- 
tance between the foci of red and violet rays — can be found 
for incident parallel rays by determining the principal focal 
distances from the indices belonging to these rays ; the differ- 
ence of these is the required dispersion. 

Acliromatic Object-Glasses. 

283. Let A B, A c B be a concave and convex lens of different 

kinds of glass ; let parallel rays be incident on A B, and let 
v^r^ be the foci of violet and red rays, after refraction through 
the first lens; also let be their foci after refraction 



through the second ; it is required to determine the conditions 
under which the foci and shall coincide, and conse- 
quently all the other intermediate coloured rays, so as to pro- 
duce white light in one focus, and prevent chromatic disper- 
sion. 

284. The principal focal distances ov,, or, can be com- 
puted; and if the form and refractive powers of the lens 
are given, when ov^is found, v, is to be considered the 
radiant point of a convergent pencil incident on the second 
lens, and consequently the focal distance o v„ after the second 
refraction is found as already shown ; or^ is to be similarly 
computed, and the points v., r„ being considered as coinciding, 
these two focal distances would be equal, and the quantities 
by which their values are expressed would also be equal. 
Kow these values involve the principal focal distances of the 
two lenses, and the terms that express their dispersive powers ; 
and from the result of the investigation, this remarkably 
simple relation is found — the focal distances of the lenses 
must be proportional to their dispersive powers.’^ 
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285. The radii of the two surfaces of each lens are so far 
arbitrary, that it is required only that the lenses shall have 
certain focal len^hs ; a condition that can he satisfied by an 
indefinite number of forms of the lenses. It is therefore allow- 
able to assume the curvatures of the surfaces in contact to be 
the same, that they may Coincide and be cemented together. 
Having assumed one surface of each lens, the radii of the other 
surfaces can be computed. 

286. Since the assumption of two of the radii of four sur- 
faces of the two lenses is arbitrary, it is therefore possible to 
subject them also to the conditions of aidanatism. 

287. On account of the irrationality of the spectra of dif- 
ferent media, it hkppens that, although by the above method 
the extreme rays, or the red and violet, are made to unite in 
one point, some of the coloured rays about the middle of the 
spectra, as the green, will not be rendered parallel, and will 
form a small circular greenish image instead of a point ; and 
therefore it is preferable to unite two other colours instead of 
the extremes, and these ought to be the most strongly illumi- 
nating colours, such as the red and yellow or green ; and 
thou^ the violet will thus become an outstanding colour, yet 
its comparative intensity is so small as scarcely to produce a 
sensible elFect. 

288. The outstanding colour, called the secondary spectrum, 
could also be corrected — that is, united with the other two — by 
using three lenses ; but there would be some colour still out- 
standing, forming a tertiary eoectvumy though much faintei 
than the secondary one; so four lenses would form a still 
more perfect achromatism ; but each additional lens causes the 
l(jss of so much light. 

289. The prismatic decomposition of light is exemplified in 
the phenomenon of the rainbowy which makes its appearance 
when the sun is shining, and when m some opposite quarter 
of the heavens rain is falling at the same time. The sun^s 
rays, on entering the rain-drops, are refracted and resolved 
into colours ; a certain number of the coloured rays pass out 
on the other side of each drop ; but of the rest some are turned 
back by total reflection, and made to pass out in front in a 
state of decomposition. Of a great many drops thus sending 
out coloured rays, there will be a band whose rays will reach 
the eye of a spectator, but only one colour for each drop ; 
and one set of drops will supply a blue ray, another set an 
orange, a third a yellow, and so on till the spectrum is 
completed. 

290. There are often two bows visible — an inner and brighter, 
and an outer and fainter bow. The order of the colours is 
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inverted in the outer bow. It is formed by the rays that 
issue after two reflexions within the drops. 

291. It is geometrically impossible for a ray once reflected 
by total reflexion, within a spherical drop, ever to be emitted 
from the drop; consequently with perfectly round drops a 
rainbow is impossible. We must, therefore, assume that the 
rain-drops are not of an exact round figure, but are flattened 
by their passage through the air. The spherical form once 
lost, the emergence of rays after one or two reflexions becomes 
practicable. 
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MULTIPLYING AND MAGNIFYING GLASSES. 


292. If a piece of glass is formed with a number of plane 
sides or faces, and if the eye is directed to one of them, a num- 
ber of images will be ^ 
seen. Thus if A D B A 

is such a multiplying ‘‘"•'Sillli 

glass, an eye at F 
will see three images 

of a ball G — namdy, ^ 1 

the image G formed 
by the direct rays 

G D F, and H by j# ' 

the obliquely-refracted -pig. 51 . 

pencil H C w F ; inas- 
much as an object always appears to lie in the direction of 
the emergent pencil, as H u; so the image I is seen in the 
direction of the ray I v. 


293. If a convex lens, with a focal length less than the dis- 
tance of distinct vision,, is placed between the eye and an ob- 
ject situated in the focus of the lens, the rays of each pencil 
proceeding from any point in the object will emerge parallel, 
and an image of it will be seen distinct and magnified, ^'he 
size of the image will be to that of the object as the distance 
of distinct vision to the focal length of the lens.’’ 

294. The cause of the parallelism of the emergent rays and of 
the enlargement of the image may be thus explained : — Let E 
(fig. 52) be the eye, and m n the diameter of its pupil, and R W 
a small object placed at the least distance of distinct vision. 
When the lens AB is placed so that RW is in its focus, the 
conical pencil of rays proceeding from any point R, having 
the first surface of the lens for its base, will, after passing 
through the lens, emerge in a cylindrical pencil parallel to the 
central ray R C P, or the axis of the incident conical pencil ; 
but only a small portion of the refracted pencil — namely, the 
small pencil Awn a — will fall on the pupil and enter the eye, 
and form on the retina an image of the point R. Now this 
point will be seen in the direction of the point m A, or at R' ; 
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in like manner, the other extremity W will be seen at W[, and 
the points intermediate to B and W will have images inter- 
mediate between R' and W'. Thus the whole image will ex- 



ceed the object in the proportion of R'W' to RW; but these 
lines are to one another as E M to CM, or as the distance of 
distinct vision to the focal length of the lens. 

295. The visual angle R E W would be to the an^le B E W' 
nearly as R W to B' W' ; so that the visual angle is enlarged 
in the ratio of the distance of distinct vision to the focal 
length of the lens, 

296. A convex lens, from the property it possesses of en- 
larging the apparent size of objects, is called a magnifying 
glass or a single microscope, 

297. An object may be magnified on a different principle, 
by using a lens ‘whose focal length exceeds the dis- 
tance of distinct vision. It is evident from the preceding 

article, that when the fo- 
cal length is equal to this 
distance, the image is of 
the same size as the ob- 
ject. Let now the focal 
length exceed this dis- 
tance, and let an olnect 
A C be placed beyond F, 
the principal focus ; it 
will form an image xhz, 
which may be seen as if 
it were a real object, 
by an eye placed at the 
distance of distinct vision ; for rays proceed from points in 
the image just as if it were a real object, only not in all 
directions. The image of the point A will be at of B 


A 
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at and of C at a. These conmgate foci are computed by 
the rules formerly laid down. The image is necessarily m- 
•o^ted. If the object A C is very distant compared with the 
focal length of the lens, then the distance of the image from 
the lens will be very nearly its focal length, and the magnify- 
ing power will be determined thus : — “ As the least distance of 
distinct vision is to the focal length of the lens, so is the appa- 
rent size of the object seen by tne naked eye to its apparent 
size seen by means of the lens.” 

298. The proof of this theorem is as follows : — M N is the 
object, A B the lens, m n the image, e the pupil of the eye, and 



m'w' the image on the retina of the eye. The object MN 
being- distant, the image m n will be nearly in the princmal 
focus of the lens A B, so that Oc is its focal length. The 
apparent magnitude of the object, if seen by an eye placed at O, 
would be measured by the angle MON; and as 0 e, the sum 
of the distance of distinct vision e c, and c 0, is small compared 
with O M, the distance of the object, the angle MON may be 
considered as the visual angle of the object seen by the unaided 
eye. Now the angle nem formed at e by the crossing rays 
ne, me, is the visual angle of the image mn; hence the appa- 
rent size of the object compared with that of its image is as 
those visual angles — that is, as the angle MON or mOn to 
men. But these angles are as their halves — namely, the 
angles cOn,cen, which, from the properties of a triangle, are 
as the opposite sides n e and n 0, or very nearly as c c and c O ; 
but c c is the distance of distinct vision, and c O the focal 
length of the lens ; hence the theorem is as stated above. 

299. Example. — Let c e be 8 inches, and c O 32 inches ; 
then the apparent size is increased in the ratio of 8 to 32, or 
1 to 4 ; or the magnifying power is 4. 

300. The lens thus used forms what may be called a simple 
telescope ; but in the common telescope, the image m n, instead 
of being viewed directly by the eye, is observed through a 
lens or combination of lenses, called an eye-piece, and A B is 
termed the object-glass. When a single lens is used,, the equi- 
convex is best. The lenses of eye-pieces are usually of the 
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same kind of glass, the correction for colour being effected in 
a different manner from that of an object-glass. 

BYE-PIECES. 

301. The construction of achromatic eye-pieces is of great 
importance ; but the principles of their construction are more 
complicated than in the case of object-glasses; for in these 
the axes of all the incident pencils from the object pass 
through the centre of the lens ; whereas the axes of pencils 
incident on an eye-glass do not pass through its centre. 
When, therefore, a single lens is used for the eye-glass, a thin 
pencil proceeding from a point in the image formed by the 
object-glass, will, on refraction, form a narrow spectral line 
lying in the direction of a radius of the field of view, or 
of the corresponding radius of the circle that bounds the lens. 
Also the rays emergent from the eye-glass will not all have 
the same degree of vergency ; so that only a portion of the 
field will be seen with any tolerable distinctness. In the third 
place, the eye-piece distorts the object ; causing, for example, 
the sides of a square to appear cuiwed. 

302. These three defects of a single eye-glass are corrected 
to some extent by a combination of two or more lenses, so as 
to form what are termed eye-pieces. 

303. The achromatic eye-piece consists of two lenses F D, 
E y ; the first being called the Jield-glass, because without it 
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the field of view would be less, or fewer rays would fall on 
the second lens, which is next the eye, and hence called the 
eye-glass. If I F is a convergent pencil from I, and nearly 
parallel to the axis of the eye-piece, after refraction at F the 
red ray will be directed to rj, and the violet to u, ; but this 
dispersion can be corrected by means of the eye-lens EY, 
which will make the rays emerge parallel, or in the directions 
E r, E w. 

304. "fhe arrangement requisite for achromatism is, that the 



EYB-PIBCBS, 


73 


distance between the lenses shall be half the sum of their 
focal leng’ths. In a particular construction of this eye-piece, 
called that of Huygens, its inventor, the focal distances 
of the first and second lenses are as 3 to 1, or their distance 
► is 2 on the same scale. 

305. The convexity of the image will be best corrected by 
this eye-piece when the field-glass is a meniscus, as shown in 
the figure, having its radii as 11 to 4; and the eve-glass a 
lens, with its radii as 1 to 6. The focal length of the com- 
bined lens may be found by the following rule : “ divide 
twice the product of the focal lengths by their sum.^^ 

306. This eye-piece is also called the negative eye-piece. It 
is to be observed that the convergent rays incident on F D 
are brought to foci between the lenses, and there form an 
image m n which is indistinct and coloured. 

307. Mamsden^s eye-piece, called also the positive or micro- 
meter eye-piece, is composed of two lenses likewise, but the 
first or field-glass has the image that is formed by the object- 
glass before it, and in its focus. This eye-piece is chiefly used 
for the purpose of giving a distinct image of the whole of a 
system of parallel wires placed at mn, the focus of the object- 
glass. It con- 
sists of a plano- 
convex and a 
convexo - plane 
lens ; that is, 
of two plano- 
convex lenses 
with their 

curved sides turned towards each other. The focal lengths of 
the lenses are equal, and they are placed at a distance from 
each other equal to about two-thirds of this focal length. This 
eye-piece is not perfectly achromatic ; and though in this 
respect it could be improved by increasing the distance between 
the lenses, a greater disadvantage would be introduced. 

308. In the eye-pieces now described, the object appears 
inverted ; hence they are adapted only for telescopes used in 
astronomical observations, in which the inversion of the image 
is of no consequence; but for terrestrial objects a more complex 
eye-piece, consisting of four lenses, is used to produce an erect 
image, hence called the erecting eye-piece. 

309. The most approved form of the erecting eye-piece is 
this : the first, third, and fourth lenses F, C, and E (fig. 67) are 
double convex, and the radii of their surfaces are respectively 
for F 27 atid 1, for C 1 and 21, for E 1 and 24; the radius 
first given for each lens being that of its first surface, or the 
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surface turned towards the light; the radii for the second lens 
B, which is a meniscus with its concave surface ^rst, are 9 
and 4. The three convex lenses are nearly plano-convex. 



Fig. 57. 


These lenses may be of any transparent medium, provided it 
be the same in all. The focal lengths, beginning with the 
first, F, are 3, 4, 4 and 3 ; and the distances between them in 
order, beginning with FB, are 4, 6, and 6*2 on the same 
scale. The power of the equivalent lens is nearly the same 
as that of the first or fourth lens ; but more accurately, it will 
be found on calculation to have a focal length about one- 
fourth less, or nearly 

310. An inverted image mnoi a distant object M N, being 
formed in the focus of the object-glass, the rays proceeding 
from eveiy point in it, as from an object,' are again brought 
to a focus between the third and fourth lenses, and form an 
erect image m' n' of the oWect which is seen by the eye at e, 

311. The third lens, CT, is called the field-glass, and the 
fourth, E, the eye-glass ; these two are usually placed in one 
tube, and the first and second in another. If the distance 
between the second and third lenses is increased, the power 
of the telescope is also increased, though at the expense of 
the field of view. 

312. An eye -piece is sometimes used, consisting of three 
lenses, which are generally of the same material, of equal 
focal lengths and equi-convex. The consecutive intervals 
between any two of them are equal to the sum of their 
focal lengths. This eye-piece is neither aplanatic nor achro- 
matic, but it affords a greater field, and admits of higher 
powers with a simple object-glass than the foregoing, and it 
18 also an erecting eye-piece ; it may be called the triple erect-- 
ing eye -piece. It is tolerably well adapted for terrestrial 
telescopes of moderate power, as from 4 to 10 ; but for higher 
powers it would be indistinct, unless the object-glass had a 
very great focal length. 

313. This eye-piece is represented in the figure. The object- 
^lass A B (fig. 68) of a telescope forms in its focus an inverted 
image mn ot^n object, and the eye-piece is placed so that the 
image mn shall be in the focus of the first lens CD; the 
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rays of each pencil then emerge parallel till they reach the 
lens E F, when they converge to its principal focus, and there 
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Fig. 68. 

form another image w! n' in the focus of the third lens, or 
eye-glass G H, from which the rays emerge parallel, and in 
a proper state to produce vision. 

SOLAR MICROSCOPE AND MAGIC LANTERN. 

314. In the solar microscope and the magic lantern, a mag- 
nified image of a small object is formed on a wall or screen, 
to be viewed by a number of persons at the same time. It 
is therefore necessary to produce a flat image. The best forms 
and arr^gement of the lenses for producing this effect are, 
that there should be two lenses of equal focal lengths placed 
at a distance from each other equal to ^ of that length ; that 
the one next the object should be a plano-convex, and that 
next the screen a meniscus, whose radii are as 1 to 16, with 
their convex sides turned towards each other — a construction 
similar to that of the positive eye-piece. 

315. Thus in the magic lantern, which is placed in a dark 
chamber, mnis the object ; O I the lenses by which the image 
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M N is produced on a screen ; F the flame of a lamp, to illu- 
minate the object mn; T E a lantern or box, and C a chim- 
ney ; L a lens to concentrate light on the whole surface of the 
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object, which is painted with transparent colours on glass 
diders, the rest of the glass being opaque ; R is a concave 
mimr, to reflect additional light on the object ; and P H is 
a diapnragm, to intercept the extraneous rays, and thereby 
produce a more distinct image. 

316. If the distance of the screen is altered, so must the 
position of the lenses ; and the farther the screen, the larger 
18 the image; when OTOtesque figures, dissolving views, 
demons, dragons, and the like, are exhibited, they are called 
phantasmagoria. 

317. When, instead of artificial light, the sun is reflected 
on the lens L in the direction of its axis, and when minute 
natural objects are used, the instrument is a solar microscope^ 
the lantern TEC being dispensed with. 

318. The camera dhscura (which means a dark chamber) 
is an instrument for producing a distinct image of a land- 
scape by receiving it on a white ground, as a sheet of paper 
in the interior of a dark box. 

319. M R is a plane mirror, L a lens, mcr s. white concave 
surface, on which the image of the 
landscape is formed, D P a dmphragm, 
and O an opening in the side of the 
box, large enough to let in the head 
of the observer ; there is sometimes 
another opening lower down to admit 
the arm, so tnat a person may be 
able to trace the picture on a sheet 
of paper. The lens is plano-convex, 
with its plane side directed to the 
incident rays ,* the diaphragm is about 
I the focal length of the lens above 
it ; the radius of curvature of the 
concave ground mcr must be li 
times the focal length. The concave 
surface ought to be movable up and 

Fig 60. down, to correspond to different dis- 

tances of the picture. 

320. There is a certain distance from any eye where an 
object can be seen distinctly without effort, which is called 
the distance of indolent ov passive vision^ and beyond this dis- 
tance it is impossible for the eye to see distinctly. Within 
this limit, however, the eye, with some degree of effort, 
can see objects distinctly, if they are not nearer than a 
certain distance, varying from 6 to 10 inches, which is called 
the least distance of distinct vision. The compass of distinct 
vision comprises an extensive range between these limits, 
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which may be called the suppiar and inferior limits of vision. 
When the distance of an object is considerable, the rays from 
it enter the eye nearly parallel ; so that the eye, in its passive 
state, is adapted to parallel rays; and consequently optical 
instruments are so constructed that the finally emergent rays 
belonging to any one original pencil emitted from a point of 
the object may be parallel. The axes of the different pencils^ 
however, are not parallel ; for we have seen that the inclina- 
tion of the axes of the extreme pencils determines the mag- 
nifying power. 


TELESCOPES. 

321. Optical instruments for observing distant objects are 
termed tmscopesj from two Greek words, meaning /ar, and 
to see. The simplest form of the telescope is a single convex 
lens ; either double convex, plano-convex, or meniscus, with 
a focal length greater than the distance of distinct vision. 

322. When the object is at a great distance, compared with 
the focal length of the lens, it was found (art. 297) that the 
magnifying power is measured by the ratio between this focal 
length ana the distance of distinct vision. Taking this last 
distance as 7 inches, and supposing the focal length of the 
lens to be 35 inches, the magnifying power will be the ratio 
of 36 to 7, or 6 to 1 ; that is, it will be expressed by the num- 
ber 6, implying that the apparent magnitude of the object 
seen by means of the lens is 5 times greater than its apparent 
magnitude seen by the naked eye. 

323. If, however, the object is not very distant, the mag- 
nifying power is estimated differently; for then the conjugate 
focal length om is greater than the principal focal length. 
But still the ratio (n oc to ce will be that of the apparent 
magnitude of the object seen with the lens, to that seen with- 
out the lens, if the eye were placed where the lens is. 

324. It is evident that if the image mn (fig. to art. 297) 
were formed by means of a concave mirror ot greater focal 
length than the least distance of distinct vision, the object 
would be seen magnified, and the power could be computed 
exactly in the same manner. The mirror, however, would 
require to be slightly inclined, in order that the head of the 
obseiwer may not intercept the incident rays. 

325. Instead of using a single lens or mirror in the con- 
struction of a telescope, a combination of lenses, or of mirrors 
and lenses, are used ; the first are called refracting^ and the 
second reflecting telescopes. In a refracting telescope, the lens 
nearest to the object is called the object-glass, and the combi- 
nation of lenses next the eye the eye-piece ; or if, as sometimes 
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happens, there be only one lens used for an eye-piece, it is 
called simply the eye-glass. In a reflecting* telescope, the 
larger mirror that receives the incident rays is called the object- 
mirror ; and another smaller mirror facing it, and near its 
principal focus, is the small mirror; an eye-piece or single eye- 
glass IS also used next the eye. 

Refracting Telescopes. 

320. A telescope having a single convex lens for its eye- 
piece is called the astronomical telescope ; it consists, therefore^ 
of only two convex lenses — the object-glass and eye-glass, the 
focal length of the latter being less than that of the former. 

327. Let B C be the object-glass, and i u the eye-piece ; let 
a B, J 0 , C be three reys of a pencil proceeding from a point 


Fig. 01. 

in the upper part M of a distant object M TC, and r s o,tG 
rays of another pencil proceeding from a lower point N ; then 
if the object be at a considerable distance, these pencils will 
be very nearly cylindrical ; therefore the upper pencil, after 
refraction at the object-glass, will converge towards the prin- 
cipal focus 777, situated on the centi’ai i^iy bom, and the rays of 
the lower pencil to the focus 77, on the central pencil son, 
and the intermediate pencils from other points in a vertical 
line of the object, will meet in foci between in and n, so that 
an image m n is thus formed in the focus. If now the eye- 
glass ^71 is so placed, that the image mn may be in its prin- 
cipal focus, the rays of the pencil from M, diverging from t??, 
will, after refraction at the eye-glass, emerge parallel to the 
central line m e, and the rays of the pencil diverging from w, 
will emerge parallel to n c, and thus all the rays of any one 
emergent pencil will be parallel, and will therefore form a 
distinct image of the point of the object from which the pencil 
originally emanated on the retina of an eye situated at c; 
but the object will appear to be inverted. 

028. The magnifying, power will be determined by the ratio 
of the apparent magnitudes of the image and of the object 
when the latter is seen by the naked eye. The apparent mag- 
nitude of the object seen by the unaided eye situated at the 
objec*t-gla8S, would be measured by the angle bos, contained 
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by the central rays from the upper and lower ends of the 
object M N ; and this angle is the same as n o e. Again, the 
apparent magnitude of the image is determined by the in- 
clination c of the axes of the pencils from m and n; but this 
fc angle is equal to men; and the two angles mo 11 , men are 
proportional to their halves, the angles non, men ; and these 
angles being small, are very nearly proportional to the sides 
ne^no oi the triangle neo^ov to the lines e u and 0 w, which 
are the focal lengths of the eye and object-glasses. Hence 
“ the magnifying power is the ratio of the focal length of the 
object-glass to that of the eye-glass.” Thus if the focal 
lengths are 20 and 1 1 inches, the magnifying power would be 
20 divided by 1^, or 16, or the object is magnified 16 times. 

Galilean Telescope. 

329. When the eye-glass of a refracting telescope is a con- 
cave lens, it is called the Galilean tclescopey from its inventor 
Galileo. In it there would be an image m n formed in the 



Fig. 62. 

focus of the oDject-glass B C, exactly as in the case of the astro- 
nomical telescope, if the eye-glass i v did not intercept the 
rays incident on H, and lefract them in cylindrical pencils, 
as shown in the figure. In order that the rays of each inci- 
dent pencil may <hus emerge parallel from the concave eye- 
glass, it is merely u 3&sary that its distance e u from the 
virtual image w n be equal to the focal length of the lens. It 
can be shown that, as in the astronomical telescope, the mag- 
nifying power la the ratio of the focal lengths ou^ eu oi the 
object and eye-glass. The object will appear erect. The 
common opera-glass is a Galilean telescope. It cannot be used 
with high powers. 

Terrestrial Telescope. 

330. The telescope that can be us jd with the highest powers 
for terrestrial objects, is one with an achromatic object-glass 
and the erecting eye-piece formerly described j the first glass 
in the eye-piece being so placed that, like the eye-glass in the 
astronomical telescope, the image m n (fig. to art. 327) may be 
in its principal focus. With this telescope, magnifying powers 
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to the extent of 60 or 80 may be obtained with a tolerably larffe 
field and a distinct view. This may therefore be yropexdy 
called the terrestrial telescope. Its ma^ifying power is lound 
by dividing the focal length of the object-glass by that of the 
single lens equivalent to Sie eye-piece. The magnifying power 
may be increased by enlarging the distance between the 
second and third lenses; that is, by drawing out the tube 
containing the field and eye-glasses. The triple erecting eye- 
piece may also be used like the above, only the imag® m n 
must be exactly in the focus of the first lens. But the proper 
position of the eye-piece is easily found by observation, being 
that which affords the most distinct vision. 

331. In any telescope, if the eye-glass and other lenses in 
an eye-piece are large enough to permit all the rays entering 
the object-glass to pass through them, the ratio of the breadth 
of the object-glass to that of the emergent pencil expresses the 
magnifying power. Also if the emergent pencil is just broad 
enough to fill the pupil of the eye, the brightness of the image 
will be the same as when the object is observed by the naked 
vision, excepting that with the telescope the brightness will 
be weakened by the passage of the light through the several 
lenses. 


Reflecting Telescopes. 

332. Since reflecting telescopes are necessarily achromatic, 
mirrors of large diameters may be constructed which will, 
with a moderate focal length, allow an eye-glass of small 
focal distance to be used, and therefore yield a great magni- 
fying power. 

333. One convenient form of the reflecting telescope is that 
proposed by Gregory j hence called the Gregorian telescope, 

334. T 18 the tube, and A B the object to be represented. 
At the end opposite from the object there is a small tube 1 1. 



At the main end of the wide tube there is a concave mirror 
D F, with a hole in the middle at P. The principal focus of 
this mirror is at I K ; here the image m is inverted, and the 
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rays, crossing each other at n, go on to the small reflector L. 
From this they are reflected in parallel lines through the hole 
P. At P they enter the plano-convex lens R, which causes 
them to converge at ah; hut here the image requires to be 
k magnified, which is done by means of the plano-convex lens 
S ; in other words, the object is seen under the angle c fd. 
In order to accommodate local distances, the small mirror L 
can be removed to a greater distance, or brought nearer, by 
the rods and screws communicating from 5. 

335. This form of the instrument is preferred, because it 
affords an erect image of the object. The rule for finding the 
magnifying power is this : — “ Multiply the sum of the focal 
distances of the two mirrors by that of the object-mirror ; find 
next the product of the focal length of the small mirror by 
that of the lens equivalent to the eye-piece ; then divide the 
first product by the second, and the quotient is the magnifying , 
power.” 

336. Example. — If the focal lengths of the mirrors are 20 
and 2^ inches, and that of the lens equivalent to the eye-piece 

; what is the magnifying power? 

337. The sum of 20 and 2^ is 22|, and this multiplied by 
20 gives 450 ; again 2| into li is V ; and 450 divided by V 
gives 120 for the power. 

338. Cassegrain^ a telescope differs in construction from Gre- 
gory’s only in having the small mirror convex instead of con- 
cave. The magnifying power is estimated in the same way 
as in Gregory’s ; but instead of the sum of the focal lengths of 
the mirrors, the difference must be taken. The convex mirror 
corrects in some measure the spherical aben’ation of the object- 
mirror. In Gregory’s, this mirror ought to be nearly hyper- 
bolic, and in Cassegrain’s nearly parabolic ; the same mirror 
does not answer equally for both constructions. Cassegrain’s 
inverts the object. The small speculum, is placed nearer the 
object-mirror than the image in its focus, and this telescope is 
therefore shorter than Gregory’s. 

339. The Newtonian refiector differs from Cassegrain’s in 
having, instead of the convex speculum, a small plane one 
placed at an inclination of half a right angle to the axis, so as 
to reflect the rays out at a round opening in the side of the 
tube ; and there the image is formed and observed by an eye- 
glass. This small reflector is placed at a distance from the 
principal focus of the object-mirror, equal to half the diameter 
of the tube. The only effect of this mirror is to divert the 
rays in a new direction ; it has no influence on the magnifying 
power. The power of the telescope is the same as if the eye- 
glass were placed with its axis coinciding with the axis of the 
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tube, nearer the open end of the tube than the image I K, and 
haying this image in its focus, and viewed by an observer with 
his back turned to the object ; but by this method of observa- 
tion, so many rays would be intercepted by the observer's 
head, that unless the object-mirror were veiy large, a great 
loss of light would be the consequence. With large mirrors, 
however, a little inclined, so as to form an image near the side 
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of the tube A D at its open end, this is one of the best methods 
of observation, and it prevents the loss of light caused by a 
second reflexion. A reflecting telescope of this construction is 
called Iferschel*s telescope, in which M is the mirror sending the 
image to a at the edge of the tubers mouth, where it is viewed 
by the eye-piece E without bringing the observer's head 
between the object viewed and the mirror. 

MICROSCOPES. 

340. When veir small objects are to be minutely examined, 
they require to be greatly magnilied. The instrument em- 
ployed for this purpose is called a microscope, from two Greek 
words, meaning small, and to see, A single microscope, as 
stated in art. 5^3, is a single convex lens, and in using it the 
object is placed in its focus. If the least distance of distinct 
vision (from 6 to 10 inches) be called the distance, it was 
found that the magnifying power of a single microscope is 
the ratio of the visual distance to the focal length of the lens. 

341. When the object is placed a little farther from the 
object-glass than its principal focus, an image of it will be 
formed at a considerable distance behind the lens, much 
larger than the object ; and if this image be viewed with an 
eye-glass, so placed that the image shall be in its principal 
focus, a distinct enlarged image of the object will be seen 
exactly as in the case of a telescope. 

342. Let O (fig. 65) be the object-glass, and a the eye-glass, 
M N the object a little farther distant than the principal focus 
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of Of and mn the image; then if a is so placed that mn is in 
its principal focus, the emergent pencils will each consist 
of parallel rays 
crossing the axis 
at E, and the 
apparent size of 
the object will be 
measured by the Fig. gg. 

visual angle at 

E, or its equal man at ay but the visual angle at O is M 0 N, or 
its equal mOn; it appears, therefore, that the visual angle of the 
object seen from 0 is increased by the instrument in the ratio 
of the angles man, mOn, or of their halves nav, nOv, 
which are as the lines nO, n a, or vO and v a nearly; that is, 
as the distance of the image from the object-glass to the focal 
length of the eye-glass. But the entire magnifying power is 
several times greater than this; for in viewing it with the 
naked eye, the image M N must be held at the visual distance 
— say 6 inches ; whereas O M is only the focal distance of the 
object-glass ; hence the visual angle, when the object is seen 
by the naked eye, is to the visual angle M 0 N as the focal 
length O M to 6 ; therefore on account of the object being so 
near the object-glass, the visual angle is increased in the ratio 
of 6 to the focal length of O ; and the visual angle being 
again increased in the ratio of 0 v, the distance of the image 
from O, to a V the focal length of the eye-glass, the rule mr 
finding the magnifying power is this : — Multiply the conju- 
gate focal length of the object-glass — that is, the distance of 
the image from it — by the visual distance ; and multiply the 
focal distances of the object and eye-glasses together ; divide 
the former product by tne latter, and the quotient is the mag- 
nifying power 

343. Example. — Let the focal length of the object-glass 
be } inch, the distance of the image from it 3 inches, the focal 
length of the eye-glass i inch, and the visual distance 10 
inches ; then the product of 3 and 10 is 30, which, divided by 
the product of 1 and or ?ives 300 for the magnifying 

ower. The power of the object-glass alone is 10 divided 

y ^ or 50. 

344. When the object-glass is achromatic, and more especially 
when it is aplanatic, the image is much more distinct. An 
object-glass of a spherical form has its effect improved by con- 
tracting its aperture, and confining it to a small central space. 

345. When a compound eye -piece is used, the image is 
more distinct, but the computation of its magnifying power is 
more complicated. 
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STEUCTUEB OF THE EYE. 

346. The eye, by whose instrumentality we receive a prin- 
cipal class of impressions of the external world, is in part an 
optical instrument, acting according to the laws explained 
above with reference to the refraction of light and the opera- 
tion of lenses. It consists of a ball or globe, not perfectly 
round, but bulging in front as if a segment of a sphere were 
cut off, and a portion of a smaller sphere substituted instead. 
The eyeball is composed of several coats or coverings, which 
enclose masses of transparent substance called humours. Its 
movements are effected by an apparatus of muscles, and pro- 
vision is made for holding it in its place in the socket while 
these movements are permitted. 

347. The outermost coat of the eye is a thin transparent 
membrane covering only the front or visible portion of the 
ball, and reflected on it from the interior of the ejrelids, of 
which it is the lining membrane. It is called the conjunctiva. 
Over the clear and bulging portion of the eye it is perfectly 
transparent, and adheres close to the surface; on the parts 
surrounding the clear portion it is less transparent, and con- 
tains a few straggling blood-vessels, which are seen as red 
streaks on the white of the eye. 

348. The main covering of the eyeball is the sclerotic coat, 
which is the outer substance, enclosing all the rest, and serving 
by its strength and firmness to keep up the rigid form of the 
eye against every kind of pressure from without, being, as it 
were, the shell or case of the instrument. The white of the 
eye is an exposed portion of it. It encloses the ball all round 
excepting the front portion, which is transparent and bulging*, 
and an aperture behind for receiving the optic nerve. It is 
composed of interlacing fibres sufficiently strong and dense to 
produce its unyielding character ; it is thickest behind, and in 
the fore part it approaches to a thin edge, and terminates 
where the transparency of the eye commences. 

349. The transparent bulge which completes the globe and 
joins on where the sclerotic ceases is termed the cornea, or 
horny coat. It occupies about one-fifth of the whole surface 
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of the eye, and differs from the sclerotio in being perfectly 
transparent, while it is of a strong and unyielding structure. 
The two together complete the encasement of the eye, and no 
other portion is employed for the mere purpose of main- 
taining its form and rigidity. 

360. Close to the inner wall of the sclerotic coat lie two 
other membranous expansions, likewise termed coats, but of 
totally different nature and properties. Next the sclerotic is 
the choroid coat, which is a membrane of a black or deep- 
brown colour lining the whole of the chamber up to the union 
of the sclerotic with the cornea, and then extending inwards, 
so as to form a peculiar ring stretching across the eye. It is 
also pierced behind by the optic nerve. 

351. The choroid coat is an extremely vascular structure — 
that is, it is composed of a dense mass of blood-vessels which 
lie in two layers, the outermost of the two being the veins, 
and the other the arteries. Inside of these two vascular 
expansions is the layer containing the black pigment which 
gives the coat its colour, and which it is the object of the 
numerous blood-vessels to supply. The pigment is enclosed 
in the cells of a membrane, and these cells are packed very 
closely together, and are about the thousandth part of an inch 
in diameter. Each cell has a transparent point in its centre 
surrounded by a dark margin. 

352. Within the choroid, and lining its surface, is the 
retina^ which is a nervous expansion branching out from 
the optic nerve, and covering the interior chamber of the 
eye with a fine transparent network as far as the angle 
where the choroid bends inwards to form the circular ring 
above-mentioned. It is a very delicate membrane, of almost 
a pulpy nature, and but loosely attached, although lying 
close, to the blackened surface of the choroid. Directly in 
the back of the eye, and in a line with the axis of the eye- 
ball, is a round yellow spot, and in the centre of this spot is 
a minute hole called ihe foramen of Socmerring ; it appears to 
be formed by a deficiency in the nervous substance of the 
retina at that point. About a fifth of an inch inward from 
the yellow spot is a flattened circular papilla corresponding 
with the place where the optic nerve pierces the choroid coat, 
and consequently where the coat is deficient. 

363. The retina is a compound membrane consisting of 
three distinct layers, only one of these, the middle layer, 
being made up ot purely nervous matter. The outer layer in 
contact with the choroid, termed the membrane of Jacoby is 
made up of small columns or rods standing perpendicular to 
the sunace, and each sharpened to a pomt at their outer 
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extremities. The columns are of two different kinds, one 
being smaller and more numerous than the other. The small 
rods are solid six-sided bodies grouped round the larger, 
which are the shorter of the two, and cleft at the point where 
they touch the choroid. Each one of the pigment cells of the 
choroid (of which there are about a million to the inch) re- 
ceives as many as six or eight of the larger cleft twin cones, 
with the smaller single rods grouped round them; conse- 
quently the diameter of the smaller bodies must be only a 
traction of the thousandth part of an inch. 

364. The middle layer of the retina is the proper nervous 
portion. It is made up of radiating nervous fibres proceeding 
from the optic nerve, and spreading over the inner chamber 
of the eye. The fibres become more slender and more distant 
as they approach towards their termination in front. On 
each side oi the fibrous expansion is a layer of nerve cells, or 
of the peculiar nervous substance composing the ganglia or 
nervous centres of the body, and occurring generally at the 
terminations of the nerves of special sense. The inner ends 
of the rods that make up the membrane of J acob are there- 
fore in contact, not with nervous fibres, but with nerve cells. 

365. The innermost of the three films of the retina is the 
vascular layer, or the network of arteries and veins required 
for supplying blood to the nervous portion ; a necessity occur- 
ring everywhere in the system in proportion to the activity 
of the parts. 

356. Before pointing out the different bodies that make up 
the bulk of the eye, and enable it to act as an optic lens, we 
must call attention to several other substances of a mem- 
branous character lying under the cornea near the junction 
with the sclerotic coat. The first of these is a narrow circular 
band of a grayish-white colour close behind the junction 
above-named. The foremost margin, the thicker of the two, 
gives attachment to the circular curtain called the iris. The 
thinner and posterior margin is blended with the choroid 
coat, which here prolongs itself inward in a series of radiated 
folds, called the ciliary processes. The band or ligament thus 
giving the twofold attachment to the iris and the choroid is 
called the ciliary ligament. The ciliaiy processes lie behind 
the iris, and as they extend but a little way inwards, making 
a black wrinkled narrow rim, they are completely concealed 
from external view. 

357. The iris is the coloured membrane with a black hole 
in the centre, which we see in the front of the eye, being* 
coextensive with the transparent cornea. Its outer edge S 
attached to the ciliary ligament, and the inner border corre- 
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spondfl to the aperture of the pupil of the eye, through which 
the blackness of the choroid coat is apparent. On the ante- 
rior surface of the iris radiating lines are seen, being differently 
coloured in different individuals. The posterior surface of the 
> iris proper is colourless, but it is lined with a laver of black 
pigment similar to the inner layer of the choroid. In struc- 
ture it is made up of two classes of fibres — one radiating, the 
other circular. The radiating fibres are most conspicuous at 
the outer margin ; the circular fibres are best seen near the 
inner margin ana behind. These fibres are of a muscular 
character, and by their contractions serve to alter the size of 
the pupil. The radiating fibres when in action enlarge the 
hole, and the circular fibres contract it, the purpose being to 
govern the quantity of light admitted into the eye, 

358. The substance of the eye is made up of three humours 
or transparent masses extending from front to back: the 
foremost is called the aqueous humour ; the middle the crystal- 
line lens ; and the backmost the vitreous humour. 

369. The aqueous or watery humour is a clear watery liquid 
lying under the cornea in front, and bounded behind by the 
ring of the ciliary processes and the crystalline lens which 
crosses the eye close behind the ciliary processes. It is very 
nearly pure water, containing in solution a small quantity of 
common salt and albumen. It is enclosed in a membrane 
which is in contact with the inner surface of the cornea in 
front and the ciliary processes and crystalline lens behind. 

360. The vitreous or glassy humour lies behind the crystal- 
line lens, and occupies the whole of the posterior chamber of 
the eye, which is about two-thirds of the whole. It consists 
of a clear thin fluid enclosed in a membrane, which not 
merely surrounds it, but radiates inwards into its substance like 
the partitions of an orange, so as to make up a half solid 
gelatinous body, which is called the vitreous body, or poste- 
rior lens of the eye. These partitions are very numerous, 
and point to the axis of the eye, but do not reach to it, and 
consequently there is a central cylinder passing from front to 
back composed only of the fluid of the lens. The form of 
the vitreous body is convex behind, while before there is a 
deep cup-shaped depression for receiving the crystalline lens. 
The membrane that surrounds it on all sides, as well as enters 
the interior, has a twofold connection in front : it doubles 
in so as to receive the crystalline lens between its folds, and 
it unites with the ciliary processes, which surround the lens 
without reaching its border. Thus the partition between the 
aqueous humour in front and the vitreous humour behind is 
made up of three successive portions enclosing one another : 
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the wrinkled black ring of the ciliary processes outermost ; 
within this a ring of the doubled membrane of the vitreous 
humour ; and inmost of all, the crystalline lens enclosed be- 
tween the two folds of the membrane. 

361. The crystalline lens is a transparent solid lens, double 
convex in its form, but more rounded behind than before. It 
is situated between the aqueous and vitreous humours, and 
suspended in its position as already described. Its convexity 
in iront approaches very near the curtain of the iris, which is 
stretched m front of it. The lens is enclosed in a capsule, of 
which the front portion is thick, firm, and horny, while the 
portion on the back is thin and membranous, adhering firmly 
to the membrane of the vitreous humour. The substance of 
the lens varies in its character: the outside portion is soft 
and gelatinous ; beneath this is a firmer layer ; and in the 
centre is the hardest part, called the nucleus. It is supplied 
with blood-vessels in the edges, but none appear to penetrate 
within, except in a very early stage of life. It undergoes 
altogether a great change in the course of the development of 
the mdividum. In the foetus it is nearly spherical, and is not 
perfectly transparent ; in mature life it is of the form and 
character described above ; while in old age it becomes flattened 
on both surfaces, loses its transparency, and increases in tough- 
ness and density. 

362. In the figure, RMN is the tough sclerotic coat, joining 
the cornea, RCN, in front. The lines d d point to the choroid 
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coat, and ^ ^is the retina; g points to the ciliary ligament, 
and h to the ciliary processes ; 1 1 is the iris, with the pupil in 
the centre ; a is the aqueous humour, h the crystalline lens, 
and cc the vitreous humour; / ///is the membrane of the 
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vitreous humour, which is purposely detached from its con- 
tact with the retina to make it visible ; its inner fold, lyin^ 
close to the ciliary processes, and passing* inwards to the front 
of the cmtalline lens, is also apparent. 

363. Such are the chief portions of the ball of the eye. The 
optic nerve, O, which enters it obliquely at a point inward 
from where the axis passes through the back, is a strong 
white cord, nearly as thick as a quill, and is one of the means 
of keeping it firm in its place. The termination of the nerve 
is not shown in the figure, which is a section down the eye 
through the axis. Each eye is imbedded in loose fat, and 
floats easily upon it. The optic nerve and the fatty bed form 
its restingplace behind, and maintain it in opposition to the 
strain of the principal muscles when these act all together. 

364. The eye is further retained in its place, and its delicate 
movements adjusted, by six muscles — four straight, and two 
oblique. The four straight muscles arise from the bony socket 
in which the eye is placed, around the opening where the optic 
nerve, 0 G, enters from the brain, and are all inserted in the 
anterior external surface of the eyeball, their attachments being 
respectively on the upper edge of the sclerotic, the under, ex- 
ternal, and internal sides of the eyeball. The superior oblique 
or trochlear muscle arises from beside the origin of the supe- 
rior straight muscle, and passing forward to aloop of cartilage, 
L, acting the part of a pulley in reversing the direction of its 
action, its tendon passes through the loop, and is reflected back 
and inserted on the upper posterior surface of the eyeball. 
The inferior oblique muscle arises from the internal inferior 
angle, at the fore-part of the orbit, and is inserted into the 
internal inferior surface of the eyeball, behind the middle 
of it. 

366. Three of these muscles are represented in the figure. 
K L is the superior oblique or trochlear muscle, whose tendon 
passes through the loop, L, and thence backwards to its inser- 
tion M : E P is the inferior straight muscle, E being the 
place of its insertion; and FT is a portion of the interior 
straight muscle, which is cut off at T, to show the optic nerve 
beyond it. 

366. The motions of the eyeball that would be caused 
by the contractions of any of these muscles are manifest. 
The inferior muscle, E P, by its contraction, will make the 
point E move towards P, or cause the eye to look down- 
wards ; the superior straight muscle will cause it to look up- 
wards. The action of the trochlear is peculiar. Since it is 
reflected backwards from L to its insertion, it will turn the 
eyeball downwards and outwards — that is, the eye would by 
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its action look obliq^uely downwards and outwards. This 
muscle tends also to draw the ball of the eye a little outwards, 
or to make it protrude. The inferior oblique muscle having 
its origin on tne outer part of the orbit, and its insertion on 
the inner side of the eyeball, will, by its contraction, also 
draw the eye outwards, and turn it upwards and outwards. 

367. The four straight muscles are the voluntary muscles 
engaged in moving the eye for the purposes of vision. By 
their means each ball can be made to sweep round over the 
whole field of view, and perform the adjustments requisite for 
different distances. The two oblique muscles act in the invo- 
luntary movements, and in obedience to certain feelings and 
emotions. In sleep the eyeball is uniformly turned up by the 
action of the inferior oblique. The trochlear muscle is called 
also the pathetic muscle^ being brought into play in bursts of 
tender emotion, and probably also in the darting glances 
which accompany laughter. The upward movements of the 
ball, happening at the moments of winking, with the view to 
wipe the surface more effectually, are involuntary movements 
of the inferior oblique, adjusted so as to accompany the move- 
ments of the upper eyelid. 


POBMATIOK OP IMAGES ON THE BETINA. 

368. When the eye is directed to any object, an image of 
the object is depicted on the retina by means of the rays of 
light that proceed from eveiy point of it. Of all the rays which 
emanate from a single point of the object, only those enter the 
eye that fall on the pupil. These rays, in passing through the 
various lenses, are so refracted that they all unite again in a 
single point on the retina, at which a luminous impression is 
made, and a perception of that point of the object thereby 
produced. 

369. Thus of all the rays emanating from the point A of the 
arrow AW (fig. 67), only those in the conical pencil of which 
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ALAc are extreme rays, and A ^ the axis, enter the eye; 
and these, after passing through the crystalline lens, form an 
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inverted conical pencil, whose rays all converge towards one 
point a, which is therefore the image of A. So w is the 
image of W, and all the intermediate points of the object 
between A and W have corresponding images between a and 
to. The whole image will be similar to the object, and of the 
same colour, but inverted. 

370. By the three lenses of different material which make 
up the globe of the eye, an achromatic arrangement is pro- 
duced, which is very nearly perfect for all distances : in other 
words, a compound achromatic eye-piece is the result. 1?he 
choice of lenses of different density and character has the 
effect of correcting the dispersion that would arise from a 
single lens, and the images are thus rendered pure, and free 
from coloured fringes or prismatic phenomena. 

APPARENT MAGNITUDE OP THE SAME OBJECT AT 
DIFFERENT DISTANCES. 

371. The apparent magnitude of the same object when seen 
at different distances, depends on the size of its image on the 
retina. When at double the distance, its image is half the 
size ; and generally the linear magnitude of the image of the 
same object at different distances from the eye is inversely as 
the distance. 

372. Thus if aw (fig. 67) be the image of the arrow A W, and 
a' w' its image when at A' W', half as distant, the latter image 
will be twice as great as the former. Also the angle under 
which the object appears, formed by lines drawn from the eye 
to its extremity, called the visual angle^ is in nearly the same 
proportion as the size of the image or the apparent mag- 
nitude. Thus the visual angle A' e W' is about double the 
angle A e W when the distances of the object from the eye are 
as 1 to 2. 


VISION. 

373. The apparent magnitude of the same object depends, 
as we have seen, on the distance at which it is placed, and 
diminishes very 
nearly in the pro- 
portion in which e 
the distance in- 
creases. 

874. Thus if the 
object c d (fig. 68) be equal in length to ab, and twice as far 
distant from the eye, the visual angle cEd formed by the 
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first is only about half of that formed by the second, or 

aE&. 

376. When the real size of an object is known, we judge of 
its distance by means of the visual angle. The distance of 
objects is also judged of by their degree of brightness and 
their colours ; a blue-looking mountain is always considered 
to be distant, the blue colour arising from the great extent 
of air through which it is seen. , We are likewise enabled to 
judge of the distance of an object by means of intervening 
objects ; and when few objects intervene, we generally con- 
sider the remote object nearer than it actually is ; as in the 
case of a ship at sea, or the heavenly bodies. On account of 
the great number of intervening things between us and the 
rising moon, and also on account of the diminution of bright- 
ness in looking through such an extent of misty horizontal 
air, the moon appears much larger than when far up in the 
sky. For the same reason an arc in the heavens, near the 
horizon, appears larger than an arc of the same extent at a 
greater altitude. 

376. Another means of judging of the distance of near 
objects is by the inclination of the optic axes of the two eyes. 
These axes are always directed to the point we are looking at ; 
hence when the point is near, the inclination of the axes will 
be greater than when it is more distant, and the feeling ^^e 
have of the actions of the eye will make known to us the 
degree of inclination, and thence the distance. 

377. When the cornea and crystalline lens have their just 
degrees of curvature, and the eye is of a proper length, the 
images of objects not too near are formed exactly on the retina. 
But when the curvatures are too great, they cause the rays to 
converge prematurely, and the image is formed before the 
retina; and a pencil of rays, after crossing at any point of 
this image, becomes a conical pencil of diverging rays, whose 
base is a small circle on the retina, and this circle is the image 
on the retina of the corresponding point of the object. Thus 
the images on the retina of all the points of the object are 
small circles that overlap each other, and produce an indis- 
tinct and confused image. Such an eye is said to be wyopiCy 
and the person is said to be short-sighted. The mode of cor- 
recting this imperfection is to use a concave lens, which causes 
the divergent rays incident on it to separate in some degree — 
that is, to become more divergent; and consequently on 
entering the eye they will have a less rapid convergence, and 
the image will be formed on the retina, and produce distinct 
vision. 

378. Thus if, from the peculiar form of the eye, rays pro- 
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ceeding from an object B (fiff. 69) form an image before the 
retina, by interposing the lens L L, their convergence within the 
eye will be lessened, and the image formed at R on the retina. 
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379. If, again, from a too small curvature of the cornea and 
crystalline lens, or from the eye being too short, the rays do 
not converge till they pass beyond the retina, supposing it 
transparent, so as to form an image behind it, there will arise 
in like manner a confused picture of the object. A person 
with an eye of this form is said to be long-sighted, A convex 
lens interposed between the object and the eye corrects this 
defect of vision. 

380. Let rays from the point B (fig. 70) falling on the eye 
A C converge to a point R, then they would form a circular 
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image of the point on the retina at d. But the lens m n being 
interposed, causes the rays to converge quicker ; and if it has 
the proper curvature, they will converge to a single point d : 
the same will happen to rays from every other point of the 
object ; consequently a distinct image will be formed. 

381. If an object o (fig. 71) be nearer to the eye than the 
nearest distance of distinct 

vision, which is from 6 to 10 

inches, the rays will not con- ' ~ 

verge quick enough, and a 
convex lens must be used, as 
in the case of a long-sighted person. 

382, Questions connected with Vision , — There are various 
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points connected with vision that have given rise to discussion 
and difference of opinion, from the difficulty that there is in 
deciding them with certainty in any one way, 

SSsTrhe first of these relates to the Seat of Vision^ or the 
surface immediately acted on by the rays of light entering 
the eye. There are two suppositions on this head — the one, 
that the retina is the surface of vision ; the other, that the 
choroid coat is the medium acted on and stimulated by the 
rays in the first instance. The reasons in favour of the last 
supposition seem to predominate, being as follows : — 

The retina is a transparent coat, allowing a free passage 
to the light, and therefore not likely to be acted on itself by 
the rays. On the other hand, the choroid coat is black, and 
absorbs and stifles the whole of the luminous influence ; con> 
sequently, whatever eflects light is capable of producing on 
material surfaces, must be produced to the utmost possible 
degree on the black pigment of the choroid. 

In the other senses there is usually a sensitive surface, 
distinct from the fibres of the nerve of sense. In touch, the 
skin is the sensitive surface : in hearing, the liquid contained 
in the labyrinth is the medium of acting on the nerve ; and 
in smell and taste there appear to be sensitive membranes, 
which are affected in the first instance. Hence we derive 
an argument from analogy in favour of the existence of a dis- 
tinct sensitive surface, apart from the transparent expansion 
of the optic nerve. 

3^?, No sufficient reason can be rendered for the existence of 
a membrane like the choroid, so richly endowed with blood- 
vessels — the mark of intense activity — if it is not to serve as 
the sensitive surface of the eye. If it is intended for no other 
purpose than to swallow up and destroy the light, after it has 
served its end by acting on the retina, the inference would be 
that too much light enters the eye for the purposes of vision, 
and that it is necessary to provide some surface for extinguish- 
ing the great body of it. ^ut the difficulty we have in seeing 
distinctly with much less than the average quantity of light 
proves that this cannot be the case, and that some use is made 
of the portion that passes clear through the retina. If 
only the small amount arrested by the transparent retina 
were required for vision, much less illumination ought to 
serve than we actually need. 

4:th, At the place where the optic nerve enters the eye, to 
the inner side of the central hole in the line of the axis, the 
choroid coat is interrupted, and rays falling there produce no 
vision. In fact the spot over the optic nerve is termed the 
blind point on this account. But the retina is not deficient 
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at that point ; we are therefore driven to conclude that it is 
the absence of the choroid that causes the lack of vision, and 
that it is indispensable that the stimulus of the li^ht should 
affect the black pigment in the ffrst instance, from thence to 
I be communicated to the retina. 

384. If these reasons are conclusive, we must infer that the 
rays of light pass through the transparent retina, and burv 
themselves in the black pi^ent of the choroid ; tthat, spend- 
ing their whole might mere, they produce some atomic 
change in the particles of the pigment, which cannot in our 
present state of knowledge be specified ; that the change or 
activity thus generated is transmitted by conduction through 
the rods of the membrane of Jacob, whose points are in con- 
tact with the membrane of the pigment ; that through these 
rods the activity passes to the layer of nerve-cells lying be- 
neath the nerve-fibres of the retina, and, through the cells, 
affects the fibres themselves, which, being by nature conduc- 
tors of impressions, convey inwards to the brain the influence 
or stimulus thus imparted. No surface is so powerfully 
affected by light as one that is black, and hence the propriety 
of employing this kind of surface for receiving the impression 
in the first instance. The greatest possible amount of influ- 
ence is in this way generated for communication to the 
adjoining nervous cells and fibres. 

386. Another question connected with vision is the mode of 
adjusting the eye to distance. If the eye is considered as a 
lens, and if it forms on the' retina or choroid coat an accurate 
image of a certain object, the images of all objects, either at 
less or at a greater distance, will be confused and inaccurate : 
in the one case the focus of the image will be behind the 
retina, and in the other case before. Consequently some 
adjustment must be made in transferring the glance from a 
near to a distant point, or from a distant point to a near. If 
the eye could be flattened or elongated from before backwards, 
the requisite adjustment would be made — that is, if in propor- 
tion as we extended our regards to a great distance, the eye 
could be squeezed, compressed, or made shorter from front to 
back, the retina would be made to coincide with the focus of 
rays proceeding from the object, and the vision would be clear 
and distinct. Now it is likely that such a squeezing of the 
firm ball of the eye actually takes place by the conjoint action 
of the four straight muscles, and that the eye recovers by its 
natural elasticity when the action of the muscles ceases. No 
other means of adjustment can be distinctly pointed out apart 
from this muscular effort counteracted by the elasticity of the 
ball; and the employment of such means is confirmed by 
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what we feel on such occasions. We are conscious of a great 
muscular tension within the sockets when looking at the dis- 
tant landscape, and the position of ease for the eye is when 
viewing something near, or when the eyeball is not compressed 
by muscular effort. It is doubtful whether the two obliquef 
muscles act in the opposite direction to the straight muscles, 
or whether they contribute to the lengthening of the eye in 
order to make us see near objects ; but it is not impossible 
that they may, especially in the effort to look at objects very 
close to the eye, or within the limits of easy vision. 

380. The third question relates to the mode of obtaining 
single vision from two eyes. It is a fact that when the same 
pencil of light affects similarly situated points in the back 
wall of both eyes, only one point is perceived by the mind ; 
but if one of the eyes is so distorted that the same pencil falls 
^on points that do not correspond, a double image is seen. 
The presumption from this fact is, that the two optic neives 
are, as it were, the division of one nerve, instead of proceeding 
inward to the brain apart ; in other words, there is but one 
central group of fibres, and each of these divides into two 
branches, proceeding one to each eye. Our knowledge of the 
action of the brain is too imperfect to enable us to give a more 
precise account of this peculiar mechanism. 

387. The fourth question concerns the seeing of objects erect 
by means of an inverted image on the retina. It has seemed 
to many people that because the images on the retina are 
inversions of the original object, we ought therefore to see all 
things upside down. But this notion is founded on an entire 
misapprehension of the nature of vision. An object seems 
to us to be up or down according as we raise or lower the eye 
in order to see it : the very notion of up or down is derived 
from our sense of movement and pressure, and not at all from 
the optical image formed on the back of the eye. Wherever 
this image was formed, and however it lay, we should con- 
sider that to be the top of the object which we had to raise 
our eyes or our body to reach. In making this point a ques- 
tion at all, it is imagined that the image formed by the eye 
is viewed behind as if by a second eye, which would of course 
discern an inversion, and not a truly placed image. But there 
is no ground for any such imagination. 

IMAGES OF THE EXTERNAL WORLD. 

388. The great purpose of the eye is to make us aware of 
the colours, forms, and situations of the objects of the ex- 
ternal world ; and this it does partly by its optical apparatus, 
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and partly by the muscles that sustain its various move- 
ments. 

389. The optical portion of the eye reveals nothing but 
superficial light, shade, colour, and the absence of colour. 
The various bodies in nature have the power either of giving 
off rays of light of themselves, or of absorbing and emitting 
light derived from without — that is, all material bodies appa- 
rent to the sight are either self-luminous, like the sun and 
terrestrial fires, or are luminous by derivation, like the larger 
proportion of the world^s surface, which shines by borrowed 
light. If we except white and IJack surfaces, almost every 
different substance emits light of a colour and shade peculiar 
to itself, from the peculiarity of its texture, which determines 
the mode of the decomposition of the light falling on it, or 
the particular portions of the solar beam that are to be emitted. 
A red body is one that stifles and buries all but the red ray ; 
a black surface absorbs all the colours, and emits none; a 
white body, on the other hand, sends out the solar light com- 
plete and undecomposed. 

390. By the impressions made on the retina being trans- 
mitted inward to the brain, there is produced the conscious- 
ness we have of colour or illumination. By the eye being 
directed outward, through the tension of the straight muscles, 
we have the notion that the cause of colour lies without our^ 
selves at some distance, more or less — the feeling of distance 
depending on the degree of muscular tension requisite to pro- 
duce a distinct image. Whe'h the four muscles, acting toge- 
ther, have to put forth all their might in order to make the 
image distinct, we believe not only that the original is with- 
out us, but that it is at some very great distance off, or that 
we should require to move our body a long way if we wished 
to come close up to it. Our first notion being the feeling of 
outness, and our second that of distance, the third is the ieel- 
ing of lateral dimensions, or of length and breadth, and of the 
combination of the two, which is expanse. Mere luminous 
impressions, if unaccompanied with the feeling of the move- 
ments and sweep of the eye, would never give us the sense of 
outstretched space, any more than they would give the assur- 
ance of the externality and remoteness of the luminous body. 

391. The sense of expansion, or of supei’ficial extent, com- 
bined with the sense oi distance, and oi approach or retreat 
from the eye, would give the feeling of solidity, or of three 
dimensions; but it has been shown by Professor Wheatstone 
that the vivid conception we have of solid forms arises from 
the conjoint action of the two eyes upon one and the same 
body. Since the eyes are some distance apart from each 
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Other, if they are directed upon any object they will see diffe- 
rent faces 01 it — the right eye will see one aspect or surface, 
and the left eye will see a different aspect, as if viewed from a 
point to the left. Now the coalition of t^ie two aspects, or the 
embrace of the object between the two glances, has the effect 
of giving a distinct and strong impression of solidity, an effect 
which has been imitated by Professor Wheatstone by means 
of an instrument called the stereoscope, where two different 
views or drawings of an object, taken from points a little 
apart, are made by mirrors to be viewed by the two eyes 
separately. At the moment the two images coincide in the 
view, or cover one another, a solid body seems instantaneously 
to start out, and the illusion of the perspective is complete. 

392 . The eye is formed to take into its view a very wide 
sweep of the surrounding scene at one time ; with both eyes 
open at once rays from nearly one-third of the whole sphere 
are admitted ; but accurate vision takes place only witriin a 
very narrow spot — namely, at that part of the scene where the 
axis of the ball is directed, or straight before the eye. The 
colour, distance, linear dimensions, and solid form of an object 
thus directly seen, are distinctly ascertained, and, by a law 
of nature, leave an impression behind them which may remain 
or be recalled in the absence of the original. And it is by 
causing this direct glance to pass hither and thither over the 
whole held of view that we form an accurate conception of all 
that is within the sweep of our vision. Hence it happens that 
the eye in the act of seeing is never at rest, but nits inces- 
santly about from side to side and from near to far, mixing up 
feelings of movement and activity with sensations of colour, 
outline, and form. When we look out upon a varied expanse 
of scenery, we are apt to suppose that we see the whole at 
that moment, but in truth it is our past impressions coming 
up along with the present that give the fulness to the picture. 
Almost the only thing we recognise in the circumfei'ence of 
the area of sight, is whether or not any part of it presents 
anything to attract a more special glance ; if a change or 
new appearance start up, we feel the change, but we have no 
clear perception of form and minuties farther than old recol- 
lection gives us. The retina of the eye has its sensibility 
developed most intensely in the neighbourhood of the central 
aperture, and as we recede from that its impressions are more 
and more vague and imperfect. Hence the eye is adapted for 
distinct vision chiefly at the point of concentrated attention, 
directly in front of the ball, or in the line of its axis ; and 
when we wish to examine minutely any other portion of the 
field of view, it can be done only by turning the eye full upon 
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that portion. But in addition to the physical difficulty of 
taking in a wide field at one glance, there is a mental difficulty 
still more insuperable ; for it is impossible for the human mind 
to attend to more than one thing at a time, however rjq)idly 
it may pass from one object to another. Consequently what- 
ever exists as one complete whole may be attended to, but we 
cannot divide the attention between different wholes except 
by taking them turn about. When, therefore, we wish to 
picture to ourselves a wide scene, we must abandon all atten- 
tion to its details, and look upon it simply in its outline, or 
general expanse and form. 

393. The characteristics of the eye in the susceptibility to 
colour differ in different individuals. Some eyes are destitute 
of black pigment, and have, in consequence, a dull white 
appearance, instead of the shihing black pupil and coloured 
iris : the effect of this is necessarily to render sight very feeble 
and imperfect, a white surface being so much less susceptible 
to light than the black pigment expressly provided for re- 
ceiving the full force of the rays. But there are eyes not 
destitute of pigment, which nevertheless are not correctly 
impressed with colours. Cases occur of individuals who 
either mistake one colour for another, or fail to discern the 
difference between the greatest contrasts. This is analogous 
in its nature to the entire want of a musical ear, though a far 
more serious defect. Great delicacy in the sensitiveness of 
the choroid and retina to colours ana shades of intensity has 
a deep influence upon the whole character of the individual, 
giving a fine perception of landscape and pictorial beauty, 
and a taste for all the arts of coloured decoration, 

394. The duration of the impression of light is an assign- 
able period, although only a small fraction of a second. The 
familiar experiment of making a circle of light by whirling 
a burning stick is a proof of it; and the same principle is 
applied to produce certain optical illusions. A card with a 
soldier on one side, and sentry-box properly situated on the 
other, may be so rapidly twirled that the soldier shall appear 
standing in the box ; and an infinite variety of combinations 
on the same principle may be produced. Also it takes a 
certain length of time to make an impression on the eye : an 
object may fly past so (juick as not to be seen. 

395. The harmony oj colours, as well as of sounds, is founded 
on physical reasons. When the eye has to pass from one 
colour to another beside it, the pleasure of the transition will 
be greatest if the colours be complementary — that is, if they 
are such that the union would produce white light. If we 
were to deprive the solar beam of its red rays, and combine 
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all the rest into one colour, that colour would be green ; red 
hnd green are therefore called complementary colours. Both 
together, in proper proportions, would make pure white. 
Now, since white is the oalance and perfect harmony of all 
the colours, and the effect that can be endured with the 
greatest intensity for the greatest length of time, an eye 
acted on by one of the simpler colours desiderates the com- 
plement of that colour to balance its action on the nerves. 
Thus, after being much exposed to a yellow radiance, we 
derive especial enjoyment from blue ; yellow and blue being 
complementary colours, like green and red. Wherefore in 
the union of colours in works of art and design certain condi- 
tions are imposed by the nature of light, and these cannot be 
violated witnout producing effects tne opposite of pleasing. 
The desire of strong unbalanced colours shows an absence of 
artistic feeling, and the love of pungency of sensation. Red 
is the most intense of all the colours, and gives the strongest 
stimulus to the nerves of sight; but it is for that reason more 
apt to fatigue the organs. Its complement green, on the 
other hand, is perhaps the most endurable of all the colours. 
White and black hamonise in any proportions, inasmuch as 
the eye is always prepared to pass from light to darkness, 
and can find refreshment in so doing. 
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396. The term physical optics is properly applied to the 
exposition of the physical causes, of optical phenomena. It is 
treated under the heads of interference, diffraction, polarisa- 
tion, and double refraction of light. As scarcely any of the 
phenomena are capable of explanation on the material theory 
of light, while nearly all of them can be explained on the 
principles of the undulatory theory, and none are contradic- 
tory to it, we shall adhere exclusively to the latter theory. 

INTERFERENCE OF LIGHT. 

397. The interference of luminous waves is so exactly simi- 
lar to the case of sonorous waves, that it is unnecessary to 
give a minute account of it, excepting in some points peculiar 
to itself. The vibratoiy motion of a particle of ether, instead 
of being in the direction of propagation, as in the case of 
aerial waves, is in a plane perpendicular to that direction, and 
similar to the vibrations of a particle of water when the 
surface is disturbed. 

398. Thus let A B D E F (fig. 72) be a straight line of ethereal 
particles at rest ; after being put into a state of vibration, they 
will be found in 
the waved line 
B E m F ; 
the particle for- 
merly at c being 
now at d, while 
that formerly at t is now at s; and so on. The path def 
described by a particle is an ellipse, and in a plane perpen- 
dicular to A B D, which is the line of propagation of the wave. 
The elliptic paths described by a great number of consecutive 
particles will be nearly in similar positions, and of the same 
magnitude, though not exactly so ; they will in general gra- 
dually alter in these respects, sometimes in one way, and some- 
times in the opposite way, but not necessarily with perfect 
regularity. While a single particle, as c or o, describes its 
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elliptic path d ef, or rw n r, any point of a wave, such as its 
foremost extremity D, will move to F over the breadth of a 
wave ; and the motions will be similar to those already 
described in reference to waves of water. As in the case of 
water and undulatory motions generally, the particles of the , 
medium have no progressive motion, their motion of trans- 
lation being very small and reciprocating. 

399. From the above explanation, the interference of rays of 
light will be readily understood. When two undulations of 

waves of equal length, 
whose directions are 
slightly inclined, meet 
at any point m (tig. 73) 
in the same phase, the 
effect of their vibratory 
actions is to move the point m in the same direction ; and they 
thus strengthen each other, or conspire to produce light of 
double intensity. 

400. But when the rays meet in opposite phases, their 
motion tends to impel a particle, as m (fig. 74), in opposite 

directions ; and 
when the vibra- 
tions and lengths 
of the waves of 
the two rays are 
equal, the oppo- 
site forces acting on m destroy each other, and the point 
remains at rest ; so that if the rays were received on a 
screen at that point, there would be no illumination. When 
the two rays meet in any other phases than the same or 
opposite phases, the intensity will be intermediate between 
nothing and double the intensity of one of them. A remark- 
able fact in the motion of minute waves is, that when two 
rays interfere on meeting, so as mutually to destroy each 
other, they proceed beyond the point of interference, and 
recover their former intensity just as if no interference had 
taken place. This result is in perfect accordance with the 
theoretical principles of interference, and is illustrated by the 
analogous case of two musical strings that are so nearly in 
unison as to produce a sensible beat. 

401. One of the simplest illustrations of the principle of 
interference is the following, invented by Young : — Two small 
holes pe bored very near each other in a thin metallic plate, 
and divergent pencils of light passing through them are re- 
ceived on a screen placed at a sufficient distance to allow the 
pencils to cross each other before falling on it ; then a series 




Fig. 73. 
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of bright and dark bands are formed on the screen by the 
interference of the rays, the direction of the bands being 
perpendicular to the line that joins the openings. 

402. Thus let O, O' (fig. 76) be the holes, and F F'the screen. 


perpendicular to the line that joins the openings. 

402. Thus let O, O' (fig. 76) be the holes, and F F'the screen, 
and let the rays O C, OX proceeding to the point C have equal 
paths from O and O' to 

C ; if they be in the . ^ 

same phase when at O 

and O', they will still D 

be in the same phase r \. ^ — e- 

at C, and will therefore ^ ^ 

conspire to produce O ^ 

light of more intensity 

than either of the rays . p' 

separately. So at a 

point D, such that the «_ 

lengths O D, O' D of 

the paths of the rays meeting in it differ exactly by a whole 
wave, the waves will again meet in the same phase, and 
produce light of greater intensity than either of them alone 
could yield. D will therefore be a bright point; so D' 
at the same distance on the other side of G will also be 
bright. If, again, the paths of the rays meeting in F differ 
^ two waves in length, F and F', equidistant with F from 
C, will also be bright. And all points situated so that the 
difference of their distances from the points O, O' is a whole 
number of wave lengths, will be bright. But between every 
two bright points there will be a dark point. For at some 
place c, between C and D, the difference of the paths O c, O' e 
will be a half wave ; and therefore any point of a wave of one 
of the rays will always meet with a point of a wave of the 
other ray in an exactly opposite phase, and the two rays will 
constantly destroy each other at that point. So at some point 
c, between D ana F, the difference of the distances O c, O' e 
will be waves, and the two rays will therefore meet in 
opposite phases, and cause darkness. It thus appears that at 
all points so situated that the difference of the lengths of the 
paths of the two rays meeting them is i, 1^, 2^ — that is, 
' 1, 3, 6 — half waves, or an odd number of half waves, there 
will be darkness. 

403. The best form of the apertures is a thin slit or rectan- 
gular opening about ^ of an inch in diameter, dnd inch 


long ; the two being parallel to each other, and at a distance 
of about of an inch. The experiment must be performed 
in a dark room. 

404. The interference-prism is an isosceles prism, its two 
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equal sides being* inclined to the third side at a very small 
angle, so as to be nearly in one plane. A ray of light from a 
minute origin, as the reflexion of a sunbeam from the bulb of 
a thermometer, being incident perpendicularly on its base, the ^ 
two rays emerging from the equal sides interfere, as in the ' 
case ot the two apertures. 

405. In the preceding* experiments, when homogeneous 
light is used — that is, light of one colour — a great number of 
fringes may be observed ; but when white light is used only 
a few are seen. The cause of this is as follows : — The lengths 
of the waves of difi*erent colours are different ; the wave ot the 
extreme red is nearly double the length of the wave of ex- 
treme violet • therefore the intervals between the violet stripe, 
when violet light alone is used, would be only about half the 
intervals of the stripes for red light; and for intermediate 
colours the intervals will be intermediate between these ex- 
tremes. The bright stripes for one colour, therefore, when 
white light is used, will not always coincide with the bright 
stripes of the other colours, but will sometimes fall on the 
place of the dark stripes corresponding to other colours. On 
this account the stripes will appear to consist of various- 
coloured light, and they will be rendered indistinct by the 
diffusion and blending of the light of different colours. 

406. The interference of light caused by transmission 
through thin plates^ or by reflexion at their surfaces, external 
and internal, produces a variety of striking appearances. The 
light reflected from the nearer or external surface, and that 
from the farther or internal surface, meeting in various 
phases, produce alternations of bright and dark points. Thus 
if A B C (fig. 76) be a very thin plate of glass, whose sides are 

slightly inclined, and on 
which light is incident in 
the direction I E, a portion 
of it will be reflected at its 
first surface, in the direc- 
tion E R, and another por- 
tion of it, after reaching* 
the internal surface at F, 
Fig. 76. will be reflected back 

through the plate, and will 
emerge upwards in a direction nearly parallel to E R. These 
two portions will interfere with one another ; if the thickness 
E F of the plate be \ the length of a wave, the light reflected 
back at F will traverse the plate twice, and will be two half- 
waves, or one whole wave, behind the wave reflected at E, and 
will therefore, on emerging, meet the light reflected at E in 
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tlie same phase, and the two together will produce bright 
light. The same will happen at 6, where the thickness is om 
wave-length ; for the light reflected at G will, on emergence 
at D, be two whole waves behind, and will thus be still in the 
same phase with that reflected at D. The same will happen 
whenever the thickness is any whole number of half waves, or 
an even number of of a wave. Again, at e, c, . . . . and other 
points where the thickness is any odd mutiple of i of a wave, 
there will be dark stripes ; for on these points the ray reflected 
at the second surface would, on emergence, meet the light 
reflected at the first surface in an opposite phase. The bright 
and dark stripes, therefore, whether for homogeneous or for 
compound light, will be exactly analogous to the fringes 
explained above. The transmitted light produces similar 
fringes. 

407. The above explanation is not strictly true, on account 
of the fact, that the direction of vibration of the particles of 
ether is changed when light is reflected at the surface of a 
medium denser than that in which the incident light is 
moving. The eflect of this circumstance is just to intercnange 
the positions of the bright and dark bands as described above ; 
that is, the first bright band will be where the first dark band 
was described to be ; or these two bands just change places ; 
so do the second bright and dark bands ; and so on. 

408. If instead of a plate of glass, a very thin lens is used, 
the fringes will be of the form -of successive rings around the 
centre of the lens. When the plate is a thin film of air con- 
tained between a plate of glass and a lens pressed hard 
together, the rings that are formed are called Newton’s rings, 
as they were first investigated by him in this form. Instead 
of the wedge-shaped plate described above, a thin film of air 
confined between two glass plates will produce the same effect. 

409. It is to be observed, that the motion of light within a 
refracting medium is slower than in air, and the length of a 
wave is also less. 

410. If a thin plate of glass is held across the pencil passing 
through one of the apertures, as O', in the experiment of 
art. 402, the place of tne fringes will be altered, though their 
relative position is undisturbed ; which proves that the velo- 
city in passing through the plate is different from that in air ; 
and as the fringes are moved towards the side at which the 
plate is held, the light must be retarded in its transmission 
through it. 

411. The interference of the light reflected from finely- 
scratched surfaces, as when glass or polished steel-plates have 
very fine parallel grooves cut on tneir surfaces, exceeding 
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3000 to an inch, produces beautiful coloured bands. The 
changeable colours in the feathers of birds depend on the 
same cause. 


DIPFRAOTION OP LIGHT. 

412. The diffraction or inflexion of light is a change in the 
direction of the rays in passing close by the edges of bodies, 
by which it is bent inwards and illuminates the shadow to a 
gmail extent with bright fringes separated as before by dark 
intervals. 

413. If light proceeding from a minute origin (as from the 
focus of a lens of small focal distance, or from a straight nar- 
row aperture, or by reflexion from the side of a thin glass tube 
blackened within) be made to pass the edge of an opaque 
body, there will be obseiwed in the shadow three or four 
bright fringes. 

414. Thus if O be the origin of the light (fig. 77), B I) the 
opaque body unlimited towards D, and H L a screen, S H will be 

the geometric sha- 
dow; but the real 
shadow will be less ; 
H for B T being the 
^ front or cross sec- 
g tion of a circular 
or rather spherical 
wave of light pro- 
ceeding from O, by 
the principle of un- 
Fig. 77. dulation a minute 

wavelet will proceed 

from every point of B T, and in all possible directions, and at 
some point, such as w, the illumination from these wavelets 
(or partial or secondary waves, as they are termed) will be a 
maximum, and at some other point, as n, it will be a mini- 
mum ; so between m and H there will be other similar points 
of maximum and minimum intensity. In this way the dark 
and coloured bands above-mentioned are formed, ^he fringes 
thus produced may be called the single system of fringes. 

416. When the body B D is a wire or needle jV or Kff of 
an inch in diameter, another set of wavelets proceeding from 
D P enter the shadow, and interfere with those inflected from 
the edge B ; and thus a new system of fringes is formed, which 
may be called the double system. In this case the band in 
the middle of the shadow is a bright one ; a singular effect 
depending on the same cause as the bright band at C in 
the expenment of art. 402. 
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416. If light from a minute origin is transmitted through 
a very narrow slit in a card, or in a metallic plate, there will 
be not merely a bright band formed on a screen held opposite 
to the plate, but on both sides of the bright line a series of 
* dark and bright bands, caused by the interfer^ce of the 
wavelets proceeding from the front of the waves in the open- 
ing. It is found that the breadths of the fringes depend on 
the bi’eadth of the aperture, and that these breadths are nearly 
in an inverse ratio ; the wider the aperture, the narrower are 
the bands. The same relation holds between the breadth of 


the narrow opaque obstacle formerly mentioned and the 
fringes in the shadow. 

417. If we look through the opening just described at a 
narrow line of light, or even at the flame of a candle 6 or 6 
yards distant, the light will be observed with several coloured 
images of it on each side. With 
violet, or yellow, or red light, 
the bands would be of the re- 
spective colour separated by dark 


spective colour separated by dark: 
intervals : the violet bands would 
be closest, as the uppermost seen 
in the adjoining figure ; the red 
widest ; and the yellow inter- 
mediate. 
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POLARISATION OF LIGHT. 

418. A ray of light, after reflexion at a certain angle 
from the surface of any body, is found to have undergone 
a remarkable change in its nature. To the unaided eye it 
appears to possess only the attributes of ordinary light ; but 
when certain tests are applied to it, it is found to have ac- 
quired new properties. Thus let I e (fig. 79) be a ray incident 
at an angle of 33° on 
a plate of glass P, 
and let it be reflected 
in the line ec to an- 
other plate L, so situ- 
ated that the angle of 
incidence on it is also 
33°, and that the new 
plane of incidence Fig. 79 . 

e c R coincides with 

the first lec; then the light will be reflected from the 
second plate in the ordinary way. But if the new plane of 
incidence c K is perpendicular to the former, there is no 
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light reflected. The ray e c is therefore quite different from 
ordinary light. 

419. The ray ec^ reflected at the first incidence, is said to be 
polarised; and the angle at which this effect happens is called 
the angle of polarisation. When light is transmitted through 
certain crystals, called double-refracting crystals, it is found 
to be similarly polarised. When Newton, in experimenting 
with two such ciystals, observed this change in the nature 
of the light, he remarked that certain properties on certain 
sides of the rays were adapted to some property of the crystal, 
“as the poles of two magnets answer to one another.” In 
other words, he considered the particles of light to be possessed 
of a species of polarity; and hence the origin of the term 
polarisation. 

420. The plates of glass used as 
reflectors are not silvered mirrors: 
they are merely blackened on the 
back, as by covering them with black 
wax; or they may consist of eight 
or ten thin plates applied close to- 
gether. If the two plates P, L ai'e 
fixed on a board, and the second, L, 
made movable about an axis, so as to 
vary the plane of incidence, the in- 
strument will then form a polarising 
apparatus: which, when furnished 
with graduated arcs for measuring 
the angles of incidence, and the incli- 
nation of the two planes of incidence, 
is called a polariscope. The first plate. 
P, is called the polarising plate; ana 
the second, L, the analysing plate; 
and the first reflected ray, ^ c, is said 
to be polarised in the plane of inci- 
dence; or in other words, the plane 
of incidence lec is said to be the 
plane of polarisation of the ray. 

421. A convenient form oi the po- 
larising apparatus is represented in 
the adjoining figure. The polarising 
and analysing plates, P and L, cor- 
respond with those in the last figure. 
The ring B, to which the upper plate 
is fixed, is movable in the wider ring 

in which it is placed, so that the plate can be turned to any 
azimuth, as it is termed ; and the angles of incidence on both 
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plates may be varied at pleasure. If the circumference of the 
outer ring*, B, is divided into 360’*, the inclination of the two 
planes of incidence can then be measured. 

422. Different substances are found to have different angles 
of polarisation, Malus, who first observed the incapability 
of a polarised ray to be reflected at the angle of polarisation, 
when the plane of incidence is perpendicular to the plane of 
polarisation, also observed the polarising angles of a variety 
of substances ; and Sir David Brewster made further observa- 
tions of the same kind, and finding that these angles increased 
with the refracting power, he observed that the tangent of 
the angle of polarisation is equal to the index of refraction ; 
which relation, with a multitude of others discovered by other 
experimentalists, is found to be a direct consequence of the 
undulatory theory of light. 

423. The two mirrors P, L being placed at an angle of 33“ 
with the vertical line ce^ and the analysing mirror being 
placed so that its plane of incidence "Rce coincides with the 
other lec ; then, on the eye being so situated as to receive 
the ray K c, it will be found, as was said above, that the li^ht 
is reflected like ordinary light ; but if the ring B, to which 
the second mirror is fixed, is made to turn one-fourth round 
— that is, 90“ — either to the right or left, no light is reflected 
from L; but if the ring makes a complete revolution, the 
light is ^ain reflected, as in the first position of the mirrors. 
By placing doubly-refracting crystals on the stage T, so that 
the vertical ray may pass through them, a great variety of 
beautiful phenomena are observed, exhibiting brilliantly- 
coloured cuxwes arranged in a perfectly symmetrical manner. 

DOUBLE REFRACTION. 

424. Most crystallised transparent bodies, when light from 
any object is transmitted through them, present two images 
of the object ; and hence their name of douhle-refr acting crystals. 
The two refractions by which the two images are formed 
observe different laws. In certain of these crystals it is found 
that the interaal refracted ray is only single when it passes 
through the crystal in a particular direction, which is called 
the optic axis of the crystal ; in other crystals there are two 
particular directions in which the refraction is single, which 
are also termed the optic axes of the crystal : the former crys- 
tals are consequently termed uniaxaly and the latter hiaxal. 
In uniaxal crystals, one of the rays follows the law of ordi- 
nary refraction, so that the ratio of its sines of incidence and 
refraction is constant, whereas the other ray follows a variable 
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law, dependent on its inclination to the optic axis ; the one 
ray is thus subject to ordinary^ the other to extraordinary 
refraction; the former is consequently termed the ordinary^ 
the latter the extraordinary ray. In biaxal crystals, both 
rays observe a variable or extraordinaiy law. 

425. The Abb4 Haiiy, about the end of last century, when 
studying the classification of minerals, turned his attention to 
their crystalline characters ; and finding that a great propor- 
tion of them were double-refracting crystals, he adopted this 
property as an important means of determining the classifi- 
cation of crystals. In generalising the results of his obser- 
vations, Haiiy states in his “ Mineralogy,” that all substances 
whose integrant molecules are remarkable for symmetry have 
single refraction ; which substances, according to his system, 
are those having for their primitive form the cube, the regular 
octahedron, and the rhomboidal dodecahedron. In his time, 
however, the primitive forms of some crystals, and the nature 
of their double refraction, were imperfectly known ; and he 
has consequently made several mistakes in his arrangement 
of these crystals. Afterwards Sir David Brewster observed 
that the greater number of crystals is biaxal. In classifying 
doubly-refracting crystals according to the improved system 
of Mohs, he arranged the single-refracting crystals under the 
tessular ; the uniaxal he found to belong to the rhombohedral 
or pyramidal ; and the biaxal to one or other of the prismatic 
systems. 

426. So early as the middle of the seventeenth century, 
Erasmus Bertholinus, a physician In Copenhagen, got from 
some Danish merchants, who frequented Iceland, specimens 
of a crystallised and transparent mineral, called, from their 
native locality, Iceland crystals; and Bertholinus was the first 
to observe, or at least to examine critically, the remarkable 
property of double refraction possessed by them. * The primi- 
tive form of this crystal is a regular rhombohedron ; that is, 
a solid contained by six plane sides, every opposite two of 
which are parallel, and the planes equal rhombuses. When 
the figure of the crystal is different from this, it can always 
be reduced to it by splitting with a knife in the direction of 
its planes of cleavage. 

427. The following figure represents one of the regular 
rhombohedrons of a crystal of Iceland spar, which, for its 
easy cleavage, its transparency, and its high double-refracting 
power is one of the most useful substances in experimenting 
on or illustrating this subject. The angles of each of the six 
rhombuses are 78® 5', and 101° 55'; and the inclinations of 
the faces, or the dihedral angles, are 74° 55', and 105° 5'. The 
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trihedral, or solid angles at A and X, are contained by three 
equal obtuse angles;, and hence they are called the obtuse 
angles of the crystal; the diagonal that joins the angular 
points of these two angles is the axis 
9 of the crystal, or its geometric axis-y 
namely, AX; and its optic axis is 
any line whatever within the crystal 
that is parallel to its geometric axis ; 
so that the latter axis coincides only 
in direction, and not in position, witn 
the former. The optic axis is con- 
sidered as passing through the point 
of incidence of any ray, as through 
the point I, and it always coincides 
with the axis of an integrant ciystal 
situated at that point. A plane passing through the axis of 
the crystal, and perpendicular to one of its faces, is called a 
principal plane of the crystal, as A B X C ; a plane perpen- 
dicular to it may be called the co-principal plane, 

428. Let P I be a ray incident in a principal plane of the 
crystal ; then it will be divided within the crystal into the 
two refracted rays I o and I e, the ordinary and extraordinary, 
and both will lie in the principal plane, which in this case 
coincides with the plane of incidence ; though generally the 
extraordinary ray does not he in the plane of incidence, the 
ordinary ray being always in this plane ; and the extraor- 
dinary ray will be farther from the optic axis than the ordi- 
nary one ; the axis being a line through I parallel to the axis 
of the crystal AX. Both rays, on emergence, proceed in 
directions o O, ^ E, parallel to the incident ray P I. 

429. The two rays into which the incident ray is divided 
are of equal intensity ; but they are found by the proper test 
— such as the polarising apparatus — to be both polarised, and 
in planes at right angles to each other ; one in the principal, 
ana the other in the co-principal plane. 

430. These properties of the crystal may be observed by 
viewing a small dojecfc through it, in whicn case two images 
will be seen ; or by placing a lens on its face, and passing the 
light of the sun or of a candle through it, when two images of 
the sun or flame will be formed at the focus of the lens ; or by 
covering one face of it with a piece of card perforated by a 
small aperture, through which, in a dark room, light of suffi- 
cient intensity is made to pass, and the direction of the two 
rays will be distinctly observed by receiving them on another 
piece of card. 

431. When the incident ray is perpendicular to a face of the 
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crystal, then the ordinary ray within the crystal, and its emer- 
gent ray, are in the same straight line witn the incident one, 
although the internal extraordinary ray is inclined to the 
ordinary one at an angle of 6® 12'. If the ciystal is laid on a 
sheet of paper, on which is a black dot, and if the eye is held ^ 
above the crystal and directly over the dot, and the crystal be 
made to turn round, its face remaining always in contact 
with the paper, the ordinary image ot the dot will remain 
stationary, but the extraordinary one will describe a circle 
about tne other as a centre ; the two images always lying either 
in the shorter diagonal C X, or in a line parallel to it — that is, 
in the principal plane. 

432. If two artificial faces are formed on the crystal by 
cutting it in the direction of a plane perpendicular to the axis, 
and if a ray is incident perpendicularly on one of these faces, 
there will be only a single refracted ray in the direction of 
the incident ray — that is, in the direction of the axis itself ; 
which proves that there is an absence of any doubly-refracting 
power in this direction. Any plane through the axis of this 
crystal is a ^principal plane ; wnen a ray is incident obliquely 
on this face, there are as usual two refracted rays, which both 
lie in the principal plane that coincides with the plane of inci- 
dence ; and the extraordinary ray has always the same degree 
of refraction around the optic axis when the incidence is the 
same ; consequently the phenomena of double refraction are 
symmetrical about the optic axis. 

433. In some crystals the extraordinary ray is more in- 

clined to the axis than the ordinaiy one, and in others it is 
less so ; the former crystals are saici to have a negative^ the 
latter a positive axis of double refraction. Iceland spar be- 
longs to the former class, also nitrate of soda, tourmaline, the 
ruby, emerald, and beryl ; but rock-crystal, ice, boracite, &c. 
are of the latter kind. When two faces are artificially formed 
parallel to the axis, and a ray is incident on one of them in 
a plane perpendicular to the axis, it is then found that the 
index of extraordinary refraction is constant, whatever be 
the incidence, and that it is also a minimum ; this least value 
is termed the extraordinary index. Its value for Iceland spar 
is 1*483, while that of the ordinary index, constant in all cases 
in the same crystal, is 1*654, or nearly as 26 to 29. ^ 

434. The great difference in the properties of the two rays, 
compared with common light, can be shown thus : — When 
two crystals are placed with two of their faces in contact, or 
merely parallel, and with their principal planes coinciding, 
each of the two rays in the first is not divided into two rays 
in the second, as rays of common light would be : they pass 
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through the second in the same direction as in the firsts as if 
the two crystals were only one. When their principal planes 
are perpendicular, each ray in the first produces only a single 
ray in the second, but of an opposite kind ; the ordinary ray 
in the first forming an extraordinary ray in the second, and 
the extraordinary of the first being an ordinary in the second ; 
but though in this case also there are only two refracted rays 
in each crystal, yet they are not in the same line, but, on 
account of the difference of refrangibility of the two rays, 
form two crooked lines. When the two principal planes are 
inclined, each of the two rays in the first produces two rays in 
the second, an ordinary and an extraordinary ; but of inten- 
sities varying according to the inclination. 

435. When a ray incident in a principal plane on a face of 
the crystal is polarised in the plane of incidence, it produces 
only one ray, which is the ordinary ray ; and if the plane of 
polarisation of the incident ray coincides with the co-principal 
plane, it produces an extraordinary ray ; but when the plane 
of polarisation is inclined to the principal plane, two rays are 
produced, an ordinary and an extraorainary ray. In short, 
the effects are the same as when an ordinary or extraordinary 
ray emergent from one crystal is ‘incident on another, as ex- 
plained in a previous article. 

436. In endeavouring to account for the apparently irre- 

gular mode of refraction of the extraordinary rays in Iceland 
spar, Huygens discovered that if these rays are conceived to 
be propagated in waves of the form of spheroids (generated by 
the revolution of an ellipse about an axis coinciding with the 
optic axis at the point of incidence), instead of in the form of 
spheres, like the ordinary ray, that all the peculiar phenomena 
of double refraction can be completely explained. In order to 
give an idea of this species 
of wave, let I E (fig. 82) 
be a principal section of a 
doubly -retracting crys- 
tal; AI, CD, BK pa- 
rallel rays of an incident 
pencil in a plane coin- 
ciding with the section 
(the breadth, I P, of the 
pencil being very much 
magnified in order to 
make the figure • dis- Fig. 82. 

tinct) ; and I P a perpen- 
dicular on B K ; then I C P is the • front of the incident 
wave, considered as plane (which it would be if proceeding 

H 
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from a distant luminary, as the sun) when it has just reached 
the point I ; then while the wave in air passes from P to K, 
let the spheroidal wave beginning* at I from an indefinitely 
smdl size expand gradually in magnitude till it reach the 
position its fixed axis I d being in the direction of the 

optic axis at I ; let the spheroidal wave from any other point 
of incidence, D, expand to the size n T e, while a wave in air 
moves from G to K, D G being parallel to I P ; then, as in 
the case of ordinary refraction, the front of the spheroidal 
wave will be found by drawing from K a tangent K F, or 
rather a tangent plane to any ot the spheroids; then FTK is 
the required front, and a line, I F, from a point of incidence I 
to the point of contact F is the direction of the extraordinary 
ray. The intensity of the light in this front is immensely 
greater than at any other part of the spheroidal waves. And 
from all other points between I and K, similar waves are 
propagated, which all reach the front F K at the same 
time. 

437. Huygens deduced the following construction, by which 
the directions of the extraordinary ray in Iceland spar can be 
determined in all cases : let U I V K (fig. 83) be the refracting 

surface, and A I an incident 
ray, the plane of incidence 
passing through I P the 
optic axis. With any por- 
tion I P of the axis, describe 
a circle UPOV, and de- 
scribe an ellipse T P M E S, 
whose shorter semi-axis is 
[ P, and whose longer semi- 
axis is to I P as the index 
of ordinary refraction 1*664 
is to that of extraordinary 
refraction 1*483; then hav- 
ing drawn the ordinarily refracted ray 1 0 by the rule for 
common refraction, draw the tangent O K to the circle to 
meet U V produced in K ; then from K draw the tangent 
KE to the ellipse, and join I E, and this is the extraordinary 
ray. When the incident ray N I is perpendicular to the 
surface, the point K would be infinitely distant, and the tan- 
gent would be MQ, parallel to UV; and therefore IM 
would be the extraordinary ray, I L being of course the 
ordinary one. In this case angle M I I is found to be 
12 . 
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CHROMATIC PHENOMENA FROM INTERFERENCE OP 
POLARISED LIGHT. 

438. Having thus explained the properties of interference 
and of polarisation in their more simple instances, some of the 
complex phenomena of this kind may now be mentioned. The 
most remarkable of these are exhibited by the transmission 
of polarised li^ht through a doubly -refracting crystal under 
certain conditions, and the subsequent reflexion of it at the 
analysing plate ; or in place of the analysing plate, a plate 
of tourmaline may be employed, the ray being transmitted 
through it. 

439. When the light is transmitted through a plate ot a 
uniaxal crystal, there are produced by interference beautiful 
coloured fringes, arranged in concentric circles around the 
ray that passes perpendicularly through the plate. 

440. In order to observe these phenomena in a uniaxal 
crystal, take a plate of Iceland spar with two artificial parallel 
faces perpendicular to its axis, and place it between the 
polarising and analysing plate of the polarising apparatus, 
or between two plates of 
tourmaline; and a system 
of concentric coloured 
rings will be observed in 
the form represented in the 
figure, with a black or 
white cross, according to 
the position of the analys- 
ing in reference to the po- 
larising plate, formed bv 
two lines passing through 
the centre, and terminat- 
ing in a brushy appear- 
ance. When the plate of 
crystal is turned round, 
there is no change in the 
Tings; or when the analys- 
ing plate is turned one or more right angles,, there is no 
change ; but if it is turned one, or any odd number of half 
right angles—that is, 46% 136% 226% or 316“-~all the 
colours are then complementary : in other positions, the figures 
are varied in colour and form. 
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441. When the plate is a biaxal ciystal, with two parallel 
faces formed on it perpendicular to the line bisecting its optic 



axis, the curves are arrayed around two poles, as shown in 
the preceding figure. 
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NOTICK 


The following Treatise is intended to include a systematic expo- 
sition of tho appearances and laws of the heavenly bodies, as far 
as is practicable without the aid of Geometry, Algebra, and the 
higher Mathematics. The arrangement adopted is what seemed 
the most natural order of understanding the discoveries of the 
science, being also the order in which they were made. Some 
writers commence with the exposition of the form, and magni- 
tude, and true motions of the earth, which is in some respects a 
natural enough beginning; but in the actual progress of dis- 
covery, a full knowledge of the earth came only after an exten- 
sive acquaintance had been gained of the heavens, and could not 
by any possibility have been acquired sooner. The present 
arrangement has been suggested by the astronomical writings of 
M. Auguste Comte. 


Alex. Bain. 
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ASTRONOMY. 


1. Astbonomy teaches whatever is knoWh of the heavenly 
bodies. The earth itself it regards only as one of them ; view- 
ing it, not in small portions, as we are accustomed to see it, 
hut as an entire body, such as it would appear were we to 
hehold it from a sufficient distance. 

2. The subject may be arranged and treated under the five 
following heads : — 

The Genebal Appeabances of the Heavens. 

The Means op Aooubate Observation, by the Appli- 
cation of Instruments, and by making Corrections for 
unavoidable Errors of Observation. 

Zdy Geometrical or Mathematical Astronomy; in- 
cluding the Exact Determination of the Numerical and 
Geometrical Elements of the Heavenly Bodies — that is, 
their Distances, Shapes, Magnitudes, the Figures they de- 
scribe in their Motions, &c. 

Ath, Mechanical or Physical Astronomy; or the Nature 
of the Powers or Forces that carry on the Heavenly Motions, 
the Laws that they Observe, and the Calculation of the 
Motions from a knowledge of these Laws, 
bthy Whatever is ascertained regarding the Universe of the 
Fixed Stars ; this branch is caUed Sidereal Astronomy. 


GENERAL APPEARANCES OF THE HEAVENS. 

UNIFORM DAILY REVOLUTION OF THE STARRY SPHERE. 

3. When we raise our view from the earth beneath and 
around us, to the sky over our heads, we find it occupied with 
the sun by day, and the moon and stars by night. The sun 
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is evidently never at rest, but is either ascending* upwards in 
the sky from the east, or else sinking* towards the horizon 
or sky-line in the west, where his body goes out of sight. 
The same continual motion of rising and setting is observed 
in the moon. And when the stars are closely watched for , 
any length of time, it is found that they also are constantly 
in a movement of the same kind. If, at the beginning of a 
winter night, we fix our attention on a conspicuous star near 
the east point of the horizon, and continue to observe it, we 
shall see it rising higher and higher for about six hours ; it 
will then begin to descend to the west, and in about six hours 
more it will reach the west point of the horizon, and disappear. 
If we commence our watch again on the following night, we 
may discover the same star rising at the east point at about 
the same hour, and going through its course of mounting, 
crossing, and descending the skv as before. 

4. We have supposed a star that rises in the east to be the 
one chosen for observation ; but in those lying elsewhere, the 
same continual movement, in one common direction, may in 
like manner be observed. If we turn to some point between 
east and north, and notice a star just rising, we find it gradually 
ascending in the heavens up to a certain point ; then descend-* 
ing to the west, and going out of sight ; and finally reappear- 
ing in the east in about twenty-four hours from the time of 
its previous rising : but these twenty-four hours, instead of 
beii^ spent one half above and the other half below the 
horizon, as in the former case, will be unequally divided 
between the presence and the absence of the star ; more than 
twelve hours will be taken to pass from the rising to the 
setting, and less than twelve hours will elapse between the 
setting and the next rising. The farther north the point of 
rising, the longer the time spent in the upper course, and the 
shorter the time in the under and unseen course. If we go 
to the north point itself, and observe a star just a little above 
the horizon, we will find that it will spend the first twelve 
hours in ascending to its highest point in the heavens, and 
the next twelve in descending to the neighbourhood of the 
horizon; and it will not go beneath at all, but commence 
again to rise and describe a circle in the heavens as before ; 
such a star, therefore, will be always in sight. In like man- 
ner, all stars in the north quarter lying within the circle 
described by this never-setting star, will perform their daily 
movement above the horizon.* 

♦ In the foregoing and in succeeding paragraphs, it is supposed that 
the stars may be seen day and night, by the naked eye no star can be 
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6, In tbe inside of these circling^ motions we may observe 
a point in the sky which seems to be their common centre, 
A star lying* in it would be perfectly at rest, and stars near it 
describe very small circles, or move within narrow limits. 
♦This point of rest is situated in the north quarter of the 
heavens, but more than half-way up from the sky-line, 
towards the summit. It is called the north celestial polcy or 
the north pole of the heavens, and is the most important point 
in the sky for astronomical references. No visible star is 
actually residing in it ; but a very bright star lies near it, 
called for that reason the pole-star, 

6. If, again, we make our observations on stars that rise in 
the south-east, we find that, as with the others, nearly twenty- 
four hours are occupied between one rising and the next; but 
that with these, less than twelve hours will be spent above the 
horizon, and more than twelve beneath it. In ascending the 
sky, they come sooner to a stand-still, or attain a less height 
when they begin to descend again. If we turn to near the 
south point itself, we will observe that a star just appears, and 
then mmost immediately disappears, and at the end of twenty- 
four hours comes into sight again for the same short time. 
From this we infer that there is a large region of stars per- 
forming the common movement wholly out of sight — that, like 
those we see, they describe daily circles — and that there is a 
point beneath, which is the centre of those circles, correspond- 
ing to the centre of the northern heavens. These inferences 
are justified by actual observation, as we shall very soon see ; 
and accordingly the centre of the movements of the southern 
heavens is recognised in astronomy under the name of the 
south celestial pole, or the south pole of the heavens. An 
imaginary line drawn from pole to pole, or from the elevated 
north resting point to the concealed south resting point, is 
called the axis of the heavens, or the aocis of the world, 

7. If, instead of observing the stars one oy one, as we trace 
their motion through the sky, we fix upon a group of two, 
three, or four, or upon a cluster, we shall find that, with a 
very few exceptions, they move in company, and always keep 
the same distances from one another. This is implied in 
their going round the sky all in the same time. In fact the 

seen while the sun is up, but they are all in their places nevertheless. 
The intense light of the sun generally makes other celestial objects 
invisible. With good telescopes, however, the stars may be seen in the 
daytime, in a clear day, except in the sun’s immediate neighbourhood. 
From the bottom of deep wells and mines the stars in the sky over- 
head are seen through the day. When the moon is at a considerable 
distance from the sun, it may be seen when the sun is up. 
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whole starry vault revolves together round the line or axis 
just mentioned as running from pole to pole ; as if the stars 
were all fixed in a solid shell or nollow ball, turning steadily 
and slowly round on an axle, and occupying about twenty- 
four hours in one complete revolution. But owing to one* 
ole being a considerable way up in the sky, and the other far 
own out of sight, it is evident that this great whirl of the 
starry sphere goes on in a slanting direction : it is not upright^ 
for in tnat case the one pole would be in the very summit 
of the heavens, and the other directly beneath our feet, and 
far below the earth j nor is it horizontal, like a roller moving 
on the ground, for in this case one pole would be exactly 
in the horizon on the north point, and the other in the 
horizon on the south point; but it has a direction inclined 
between the two. 

8. Next to the poles and the axis of the heavens, we must 
understand what is meant by the equator, so called because 
it is drawn to cut the starry sphere into two equal halves. 
It is an imaginary plane, drawn right across tne axis (or 
making what is called right angles or equal angles with it), 
and dividing the whole sphere into two equal naif spheres ; 
the one north, or lying round the north pole, the other 
south, or lying round the south pole. We have thus a 
Tiorihem hemisphere of stars, and a southern hemisphere of 
stars. The boundary line between the two, when drawn 
round the heavens, makes the circle of the equator, or the 
equal-cutting line. 

9. Thus, in the figure, let A be the earth (which is a small 
object compared with the vast space of the heavens) : let P 

be the north celestial pole, which is 
always in sight to us; and p the 
south celestial pole, which can never 
be seen from Great Britain ; the line 
Pp is the axis of the heavens, slant- 
ing, as it actually does, while the 
starry vault revolves round it; the 
cross circle BQ, which divides the 
whole sphere into two equal halves 
? EPQ and EpQ, is the equator ; and 
all the stars lying in the upper half 
EPQ belong to the north hemisphere of stars, whilst all that 
lie in EnQ belong to the south hemisphere of stars. 

10. There are many other imaginary points, lines, and circles, 
which it is convenient to suppose drawn among the stars, and 
which of course we can actually draw in all our figures or 
sketches of the stars and the starry sphere, as when we con- 
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struct maps and globes of the heavens, and in such outlines 
or diagrams as the one above given. 

11. We have already mentioned the horizon^ or the line 
where the earth cuts tne sky, and separates the upper visible 
lieavens from the nether invisible heavens. If the earth were 
transparent crystal, we would see the whole starry sphere at 
once ; the under half would appear as we sometimes see the 
moon and stars in a smooth lake. The south pole and the 
whole south hemisphere would be seen Jby standing with our 
face to the south and looking downwards; just as we see the 
north pole and the north hemisphere by standing with our 
face to the north and looking a certain way upwards. But 
since the earth cannot be seen through, we are always hidden 
from one half of the sphere ; all the stars we can see, or what 
the earth does not hide, are said to be above the horizon, 
or the sW-line, and all that the earth hides are said to be 
beneath the horizon. The setting of the sun, or the moon, or 
a star, is its passing beneath this line, or its being conceded 
by the earth ; and the risings of these bodies are their reap- 
pearance above this line, or their coming round to the place 
m the sky where the earth no longer comes between our 
vision and them. 

12. The point of the heavens directly over our heads, or 
the very summit of our sky, is called the zenith. It is a sort 
of pole, or middle point, of the visible half of the heavens. 
The point that we would see directly beneath our feet, if 
the earth could be seen through, is called the n^ir, and 
forms a pole and a middle point to the nether half of the 
heavens. These are Arabic words, meaning the extreme up 
^d the extreme down points : just as we would have said, 
instead of the zenith, the summit; and instead of the nadir, 
the bottom or the nether point. While, therefore, the equator 
makes one division of the stars, into those that cluster and 
revolve round the upper north pole, and those that cluster 
and revolve round tne nether south pole, the horizon makes 
a different cut, which is in some degree cross to the other, 
into the upper visible and the nether invisible. In the divi- 
sions made by the equator, the same stars are always in the 
same hemisphere ; in the divisions made by the sky-line, many 
of the stars are in the upper division one half of the day, and 
in the lower during the other half. But if the north pole of 
the heavens were to rise to the very summit or to the zenith, 
and the opposite south pole descend to the lowest depth or 
the nadir, so that the axis of the sphere should stand upright, 
and the great whirl take place in this position, the horizon 
and the equator would be the same; for the stars of the upper 
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liemisphere would move round in one level, without ascends 
ing or descending*, and thus be always in sight, or always 
above the horizon: and the stars of the south hemisphere 
would move round in the invisible depths, and be always 
beneath the horizon. ‘ 

13. Another artificial circle supposed to he drawn in the 
heavens, is the meridian. Like the equator and the horizon, 
it divides the starry sphere into two equal half-spheres, but 
in a different direction from either of those circles. In fact 


it is so drawn as to be perpendicular to both. It passes 
through the north point of the horizon, then upward through 
the north celestial pole, through 
— zenith, down through the 
so^th point of the horizon, through 
X. \ the south celestial pole beneath, 

/ / / \ and finally through the nadir : 

place, it lies 
north and south; and in the 
second place, it stands upright. 
\ 7^ ) Thus, if in the figure Pp be the 

great axis of the heavens termi- 
nating in the north and south 
celestial noles, EQ the celestial 
equator, NS the horizon, and N 
and S the north and south points of it, Z the zenith, and D 
the nadir; then the enclosing circle of the figure NPZESpDQ 
is the meridian. 


14. While the equator cuts the sphere right across the axis, 
and makes two hemispheres which always contain the same 
stars, the meridian cuts it through 
the poles, so that the axis lies in the 
plane of the meridian, and the stars 
in their movement cut it twice in 
every revolution. It, in fact, divides 
the revolution of the sphere into two 
equal halves ; while a whole day is 
taken to make an entire revolution, 
half a day elapses between two crossr 
ings of the meridian. Thus a star, C, 
going round the general axis in the 
circle ACB, will take a whole day 
to go from the place C and return 
to it again ; and if we follow it in this course, we will see 
that exactly one-half of its day will be spent in going between 
A and B, and the other half in going from B to A; because 
the meridian divides the circle into two equal halves, and the 




13 


tHB SUN, MOON, ANt) PLANETS. 

starts motion is perfectly uniform. Now, as the meridian lies 
north and south, the stars, in crossing* it, will be either due 
north or due south, whether they stand low or high in the 
heavens at the time. Hius the point A, which is the star C^s 
aipper meridian passage, is due south ; and B, the under meri- 
dian passage, is due north. 

16. The leading property of the meridian is, that it deter- 
mines the greatest height and the lowest depth that any star 
can reach. A star passing the meridian is either at the highest 
or the lowest point of its course. Thus the point A is the 
greatest elevation that C attains in the sky, and the point B 
Its greatest depression. The meridian would not have this 
property, unless it stood upright or perpendicular to the ho- 
rizon, and also perpendicular to the equator, or to the general 
direction of the starry movement. Hence when the sun or 
the moon passes the meridian, or lies due south, we know 
that it has reached its greatest height, and will immediately 
commence to descend; if it is a considerable way east of 
the meridian — that is, if it lies north-east — we know that 
it is rising, and will continue to rise for some hours ; if it 
is south-west, we may be sure that it is a considerable way 
down from its greatest height. We know, moreover, that 
about twelve hours after the sun has passed the meridian 
above, he is at his very lowest depth, and is passing the meri- 
dian below. Hence we can determine the meridian line in 
the heavens, by observing where a star is when it ceases to 
ascend and begins to descend ; which of course gives us the 
direction of the north and south points, and serves the same 
end as the mariner^s compass. The meridian also divides the 
upper and lower course of the stars into equal halves. The 
middle point between a body^s rising and setting is its meri- 
dian passage. 


THE SUN, MOON, AND PLANETS, 

16. Although the general starry sphere turns round in one 
great mass, so that each star is always in the same situation 
among the other stars, yet there are a few bodies which are 
exceptions to the common movement; and these exceptions 
lead to very remarkable discoveries in the system of the hea- 
vens. While the thousands of stars keep their uniform places, 
there is a small number that, besides going round the sky 
daily, change their positions among the other stars, and shift 
about, so as to be sometimes near one, and sometimes near 
another. These are called erratic, or wandering bodies ; and 
the general multitude that keep their situations are called the 
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FIXED STARS, which we use as landmarks whereby to trace 
the motions of the others. 

17. For example, the moon is very soon observed to be an 
erratic body. Although it goes round the heavens daily — 
rising, passing the meridian, setting, and again rising in abou?* 
twenty-four hours — yet if we watch it closely as it lies among 
the stars, we will find that it is rapidly changing its place 
among them. One night we see it near one star, ana the 
next night it is at a considerable distance from it ; even in a 
few hours we can notice that it has taken a new position, and 
placed itself beside a different group of stars. In addition to 
its daily revolution with the heavens, it has a course through 
the heavens. Moreover, the course through the heavens is 
contrary to the general movement ; it is as if the moon were, 
on the whole, moving with the fixed stars, but lagging behind 
them, so as to lose ground eve^ day ; at one hour we may 
notice it abreast of some conspicuous star, the next hour it 
will be behind it, by an interval of about its own breadth. 
If we observe this backward movement for a month on end, 
we shall find that, in that time, it has gone through a complete 
circle among the stars, and is at the end of the month nearly 
where it was at the beginning ; and that this is the general 
law of the movement. In short, the moon, besides its daily 
course, pursues a monthly course through the stars backward, 
or from west to east, which occupies on an average nearly 
twenty-seven days and eight hours. 

18. Again, the sun is proved to have a motion through the 
stars, as well as a motion with them. We cannot observe 
this directly, as in the case of the moon, for the sun’s light is 
so strong that no star can be seen beside it, and therefore we 
cannot readily observe it changing its place among the stars ; 
but in an indirect way the same thing can be made out. 

19. In speaking of the daily course of the stars, we have 
used the phrase about 24 hours” to express the time of a 
complete revolution ; as, for example, the time between one 
crossing of the upper meridian and the next crossing*. It is 
not exactly 24 hours, but somewhat less (accurately it is 23 
hours 66 minutes 4-09 seconds). But 24 hours make our day, 
or the complete circle of light and darkness, which of course 
depends on the sun ; and therefore his daily course round the 
sky occupies the full 24 hours, while the course of a star is 
completed in 4 minutes less than the 24 hours. If the sun 
always kept his place among the stars, his daily period and 
theirs must be exactly the same ; a day of the stars (called a 
sidereal day) would be the same as a day of the sun, or a sola^ 
day. But since the sun’s day is longer than the stars’ day. 
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it follows that the sun, like the moon, is constantly falling 
behind the stars, or is himself describing a backward course 
among them. 

20. The comparison of the sun’s day with the sidereal day 
may easily be made thus : — We can lind the length of the 
sidereal day by watching some star (making sure that it is 
a fixed one) passing the same point of its course in two suc- 
cessive days. We may note its rise one night, and its rise 
the next night ; or we may observe two settings, or two wm- 
dian •passages, or two passages not on the meridian. Suppose 
we note a setting, which is the most unmistakeable mark, if we 
have a clear and cloudless sky-line. If we mark a star setting 
exactly at midnight, and then observe its next setting, we 
find that this happens at four minutes before twelve ; and on 
the following night at eight minutes before twelve ; the night 
after about twelve minutes before twelve, and so on ; the set- 
ting being every night earlier than on the preceding. Three 
months after the first observation, the star will be found to 
set about six in the evening ; six months after, it will set at 
noon, and be found rising at midnight ; and when a whole 
year elapses, it will set at midnight again. But midnight 
marks a uniform point in the sun’s daily course — it is the time 
of his under meridian passage ; and between two midnights 
he has made an exact circle of the sky, while between two 
midnights a star completes the circle, and goes on a little 
way fai’ther ; so that the stars outstrip the sun, or the sun 
moves backward among the stars at such a rate that he goes 
an entire circle among them in the course of a year. The 
difference of four minutes a night makes a day in the year. 
During 366 risings of the sun, there will happen 366 risings 
of aiy one or all of the fixed stars. Hence it happens that, 
at different times of the year, the stars rise at different hours 
of the day and night, if we make ourselves familiar with a 
constellation, or remarkable group of stars, we shall find that 
if in April they rise at eleven o’clock at night, and remain 
above the horizon till five in the morning, in December they 
will not rise till seven in the morning. It is thus that the 
appearance of the starry sky differs so much at different times 
of the year, when observed about the same hour in the even- 
ing. If we watch the general aspect of the heavens at ten 
o'clock at night on the 1st of September, and see where the 
various notable constellations are lying, and again obseiwe 
them two months after, or on the night of the let of Decem- 
ber, we will find that the appearance is exactly the same at 
six o'clock, and that at ten the whole sphere has rolled round 
so far as to show a quite different aspect of the sky. 
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21. After establishing the first peculiarity of the sun^a 
movement among the stars — his yearly movement round the 
sphere, in opposition to the daily movement of the sphere 
itself-~a second peculiarity of his motion has to be studied, 
in which also his course diifers from that of an ordinary fixed 
star. A star is found always to rise in the same point of the 
horizon, to ascend to the same height in the heavens (at least 
if we remain on the same spot of the earth), and to set at one 
uniform point towards the west. If a star rises exactly in the 
east to-night, it will rise in the east every night ; or if we 
find it rising south-east at one period, we may be sure that it 
will always rise south-east and set south-west, and that so 
long as we live in one place, its meridian or greatest height 
win be always the same ; also the period of its course above 
the horizon will be constant and uniform. Neither the diffe- 
rent periods of the year (which affect the times of rising and 
setting), nor the lapse of many years, can change the rising 
points, the meridian heights, and the duration of the upper 
course of any of the fixed stars. The rising and setting 
points especially are invariable in all circumstances; but 
in regard to the sun, these properties are all variable; he 
does not rise always in the same place in the horizon, nor 
ascend to the same neight in the sky, nor remain up one con- 
stant number of hours, even for the same place. What we 
call summer^ arises from his spending the larger half of his 
daily course above the horizon, and ascending at mid-day to 
a great height in the heavens, in consequence of which he 
pours out his heat and light for a long period, and with great 
lorce ; whereas winter is owing to his being for only a small 
part of the twenty-four hours in the upper sky, and being 
very low even at mid-day. And if we make a set of con- 
tinued observations on his rising and setting, we shall find 
that the points of the horizon where they take place are not 
always the same. 

22. Ifi for example, we commence the observations on the 
2l8t of March (the day known as the vernal equinox, when 
the sun rises at six and sets at six), we find that he rises 
exactly in the east, and after going round the upper heavens, 
sets exactly in the west. A few days after, his rise will be not 
due east, but a little to the north of east ; and day after day 
the rising point will be found approaching more and more to 
the north of the east point, while the setting point will be just 
as much north of the west point. This shifting will go on 
steadily for three months, or until the 2l8t of June, when it 
will have attained its maximum or gi^eatest amount. On that 
day (called the longest day of the year, because the sun is 
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longest up) the rising will be away from the east by about 
one-fourth of the whole distance between east and north; 
according to the markings of direction on the mariner’s com- 
pass, it will be nearly east-north-east, and the setting will bfe 
mearly west-north-west. Thus let the circle drawn in the 
figure represent the horizon, with 
the four cardinal points marked 
upon it. On the 21st of March 

the sun will rise at E and set at / \ 

W, and he will be situated in the — 

equator; after that day, both the / \ 

rising and the setting will go gra- 

dually to the north side of EW, \ / 

or the east and west line ; and on ‘^V ' y c 

the 2l8t of June the rising will \ / 

take place at about one-fourth 

from E, and three-fourths from S 

N, and the setting will take place 

at b. But no sooner is this extreme distance attained, than 
he commences to retreat ; and in a few days after the 21 st 
of June, the rising and setting points will be sensibly nearer 
to the east and west, and they will go on approaching 
these points till the 21st of September (called the autumnal 
equinox) j on which day the sun will rise, as on the 21st of 
March, exactly in the east, and set exactly in the west ; so 
that in the six months, including the summer half of the 
year, he has completed his departure and returned to the east 
and west rising points, having been northward, or in the 
north hemisphere, in the meantime. Continue the observa- 
tion still farther, and it now appears that the motion of these 
points is south. A few nights after the 21st of September, he 
IS seen rising a little south of east, and setting a little south of 
west; and he goes on increasing in this direction till the 21 st 
of December (called the shortest day, meaning the shortest 
daylight), on which day he rises at c, as far from E towards 
the south S as he was towards the north on the 21st of Jun0, 
the longest day ; and the setting point d is equally far to the 
south of W, the west point. By the compass, his rise is 
nearly east-south-east, and his setting west-south-west. But 
the 2l8t of December once passed, he retreats again gradually 
for three months, and on the 21 st of March (the vernal equi- 
nox), he is once more found rising in the east and setting in 
the west; so that in the course of a year the rising and 
setting points have moved, first to one side, then back ag^, 
then onward as far to the other side of the east and west line, 
and finally have returned to that line a second time. If we 

^ B 
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car?y on tJie observations longtjr, we find that, the same coarse 
is repeated jear after year in exactly the same order. 

28. It thus appears that a change in the rising and 8ettin|f 
points takes place along with the changes in the other parti- 
culars — ^namely, the mid-day height, and the duration of day- 
light, or of the upper coui^se of the sun j and, in feet, the one 
is the cause of the other. The great height of the sun in the 
middle of June, and the length of the midsummer day, de- 
pend entirely on the sun’s rising in a quarter that is north of 
the east point j and it is exactly as he changes his place of 
rising and setting that he rises higher, or not so high, at noon, 
and stays a longer or a shorter time above the horizon. To 
understand this, we must first consider that the sun (like the 
stars generally) in rising moves upward in one constant 
direction or slant, so long as we stay m the same locality. If 
we draw a line after him along the sky, that line will have 
^ways the same inclination : if it be upright one day (as it is 
in some countries), it will be upright always; if it be half-way 
between upright and level (callea an angle of 46 degrees), it 
will always remain so, if we do not travel to another place. 
The changes of the year make no change in this particular. 
Thus let NESW represent the horizon, let the letters singly 
mark the cardinal points, and let SANB be the meridian. 

a. If the line AB represent the 

direction or slant whereby the 
sun rises and moves through the 
heavens, when he rises in E, the 
east point, and sets in W, the 
west point, he will have exactly 
^ the same general direction when 
he rises and sets south or north 
of these points. Thus, at the 
height of summer, when he moves 
in flJ, or to the north, the course 
will preserve the same inclina- 
tion; hence it is obvious that it will cut the meridian at /t, 
or as much higher up than A as the rising point is distant 
from E ; at the same time the upper half of the circle will evi- 
dently be the largest half, or the sun will be above the horizon 
longer than beneath it. On the other hand, in midwintei^ 
when he rises south of east, and has his daily course up and 
down along a'h* (the edge, as it were, of the circle), he will 
eat the meridian at a\ as much below A, the height at the 
equinoxes, as a is above it, or as the rising and setting 
points are south of the east and west ; and the smallest half 
of the drde will be above the horizon, or the daylight will 
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be aliorter than the ni^ht. The difference between a, the 
midsummer greatest height, and a\ the greatest height at 
midwinter, is twice the extreme divergence of the rising 
and setting from east and west, or about half of one of the 
quarters of a circle. If each quarter of a circle be divided 
into 90 parts (the whole circle having 800, or nearly as many 
as there are aays in the year), each part is called a degree^ 
and each degree is subdivided, like an hour, into sixty parts^ 
called minutes ; then the exact divergence of the risings and 
settings of the sun in each side of the middle line (which 
we stated roughly at the fourth of the quarter of the circle) 
will be 28 degrees 28 minutes, omitting smaller fractions $ 
and 46 degrees 66 minutes will be the difference between the 
midwinter and midsummer meridian height of the sun. Thus 
the midwinter height of the noonday sun at London is about 
15 dcCTees, or one-sixth up the sky ; the midsummer height 
will therefore be found by adding nearly 47 degrees, which 
makes it 62 d^rees, or about two-thirds up the sky; the 
whole distance from the horizon to the zenith overhead being 
a quarter of a circle, or 90 degrees. 

24. There are thus two remarkable deviations in the career 


of the sun, fi’om the uniformity that prevails among the 
fixed stars, and both of these deviations occupying a year- 
two different motions independent of the daily motion of the 
sphere ; the one backward among the stars, the other sideways 
among them ; and both happening together, and performing 
their period together. In tact, the two different effects— the 
falling behind the stars, and the passage into the north and 
south hemispheres in turn — may arise from one and the same 
motion; namely, an annual motion backwards among the 
stars, and in a different direction 
from theirs — an oblique or slant- 
ing course, cutting the equator, I 

and extending into both hemi- ^ 

spheres. * / 

26. Let P and p represent the j \ 

celestial poles, round which the lar. 

starry sphere turns, and let EQ \ ^ I 

be the celestial equator ; then the / 

daily motion of any star is in \ / 

the direction of the equator, or 
parallel to it, and never deviates — 

to one side or the other. If a star ^ 


lie on the equator EQ, it will move round constantly in the 
equator ; if it lie in any other place, as D, it will move round 
in the circle BDA, in the same direction as the equator, or 
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p^irallel to it. But the sun lies half the year in one side of 
the equator, and half the year in the other side^ and on two 
occasions is exactly on the equator. Now this can be accounted 
for by supposing that he moves through the heavens once 
a year (besides moving round with the sphere daily), in the 
circle RST, running across the equator, and lying with a 
slant to it of about a quarter of a right angle. Twice a year 
he will be at C on the equator, and wm then rise in the east and 
set in the west, constituting the days of the equinoxes. Three 
months from each equinox he will be at his extreme distances 
from the equator, as at K and T, when he will rise and set 
farthest from the east and west points, and cause us to have 
midsummer or midwinter as already explained. (Par. 22.) 

5^. The annual path of the sun, as thus traced, makes a new 
^reat circle in the heavens, of great importance in astronomy ; 
It is called the Ecliptic, and the angle that it makes with the 
equator (23 degrees 28 minutes) is called the obliquity of the 
ecliptic^ This obliquity of the sun’s annual motion introduces 
a new complexity into the whole consideration of the heavenly 
motions; out without it, we should have no variation of 
SEASONS, or no summer and winter. If the sun were always 
on the equator, we should have eternal equinox, and the heat 
of all days nearly the same. If he were always at T, or at 
his extreme distance from the equator in the northern hemi- 
sphere, we should have a constancy of midsummer days both 
in the length and in the heat, which would completely alter 
vegetable, animal, and human life. It is because the sun is a 
wandering, and not a fxed body, like the greater number of 
the stars, that every part of the earth experiences the salutary 
changes of the different periods of the year ; and it is the 
amount of the obliquity of the ecliptic, or the distance that the 
sun passes into each hemisphere, that makes the difference 
between summer .and winter. His summer height being 
greater than his winter height by exactly twice this obliquity, 
if the obliquity were greater, this difference would also oe 
greater. If the obliquity were about 40 degrees (nearly half 
a right angle), the midsummer sun of London would be in 
the very zenith, and would give to Britain what is called a 
tropical summer, or a time of overpowering heat and luxu- 
riant vegetation ; but on the other hand, his midwinter height 
would be very small, the December days would only have two 
or three hours of daylight, and the cold would be nearly as 
severe as in Greenland. 

27. Besides the moon and sun, there are several other wan* 
dering bodies, which appear to the eye like stars. The 
ancients discovered five of these wandering stars, which they 
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called planctSj from the Greek word “to wander;” but when 
the telescope was invented two centuries ago, a vast number of 
new stars came into view all over the heavens, which the naked 
eye could never have discovered ; and although the great mass 
St these new bodies are fixed like the rest, additional wanderers 
came also to be discerned. Such of them as have motions of 
the same kind as the early known ones, are called primary 
planets ; and the earth resembles them in so many respects, that 
It ranks as one of them. There are now eieht independent 
primary planets, together with a group of at least forty small 
todies, so connected that they may be considered as making 
only one. Another class of the unsettled bodies are called 
satellites, or moons, because they resemble the moon in the 
same way that the planets resemble the earth, and the number 
of them at present known is, with the moon, at least twenty. 
A third class, the most irregnlar and extraordinaiy of all, are the 
comets, which appear for short intervals, sometimes in strange 
shapes, and witn a strong glare of light, and then become 
unseen for many years. The number of these cannot be told — 
they may, for anything we know, amount to tens of thousands. 

28 . The primary planets, the least irregular of all the wan- 
dering stars, are yet very irregular compared with the sun 
and moon. Let us take, for example, Venus, the brightest 
of them all, known as the morning and evening star, be- 
cause its appearances are either shortly before sunrise or 
shortly after sunset. Like the moon and the sun, it goes 
the daily round with the great starry sphere, rising in the 
eastern quarter, going across the sky, and setting in some 
westerly point; but if we observe it for a number of succes- 
sive nights, we find that it is constantly shifting its place 
among the stars. If we watch it for many months, to see 
if it has a regular course in its shiftings, we find that it 
seems always to remain in the neighbourhood of the sun ; but 
it does not go steadily through the stars with the sun, but 
moves backwards and forwards, so as sometimes to be on one 
side of him, sometimes on the other. Suppose, for example, 
we commence our observations when Venus is a morn- 
ing star — that is, rises before the sun in the moniing, and 
when she is distant from him by the greatest interval that she 
ever has — then, by watching day after day, we find that shd" 
is getting nearer to the sun, and delays her rising more and 
more, till she becomes so close to him, as not to be seen for 
the strength of his rays. For a number of days she is invi- 
sible, and her next appearance is as an evening star, just 
showing itself in the west after the sun sets, and going down 
immediately ^ but as the days pass on, she is found farther up 
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at aunset, so as to be longer visible; and sbe continues 
increasing in this respect till she has attained her greatest 
distance (which is about half a right angle, but is not alwavs 
the same), and then she commences to draw near again to the 
great luminary, going in to him steadily, till she come to set 
mvisible in the very neighbourhood of his rays. She is then 
occupied in crossing near his body, and in passing a-head of 
him as far as rising and setting goes ; and in a short time she 
appears in the morning just before he rises, but every day 
becoming earlier and earlier, till a certain extreme distance is 
reached, when she commences again to move inwards ; so that 
the course of Venus, in reference to the sun, is regular and 
simple, being a steady movement backwards and forwards, so 
as to be at one time moving before him, and another behind 
him, and twice in the whole course passing near, over, or 
behind his own body. The time occupied by the entii’e 
movement is 584 days, or about 19 months. 

29. But if we compare Venus, not with the sun. which is 
itself in motion among the stars, but with some of the fixed 
stars themselves, the irregularity of her movements will seem 
greater. As she keeps always within a certain distance of 
the sun, she must follow him in his annual circuit through 
the heavens from west to east, and from one side of the equator 
to the other; but while the sun himself moves steadily, and 
almost uniformly, through the stars, Venus sometimes moves 
one way among them, and sometimes the opposite way, and 
sometimes stands still like a fixed star. This arises from her 
going backwards and forwards in the sun^s track. When she 
18 a morning star at her greatest distance (or elongation) from 
the sun, and rising therefore before him, she is necessarily 
to the west of him (she having come up from the eastern 
rising point, and being now a certain way on in the sky to- 
warS the west) ; hence when she begins to move nearer him, 
she must be moving from west to east : moreover, he himself 
is getting forward from west to east in his annual course, 
ana as Venus at this stage not only keeps up with him, but 
actually gets nearer him, she must be moving through the 
stars faster than himself. At this stage her progress among 
the stars must be very decided ; her rate being made up of 
^he sun’s rate, and her own advance upon him. This will 
continue not only till she has gone in towards the sun, and 
crossed to the other side, or the east of his body (when, there- 
fore, he is at the western or setting point before her, and 
leaves her behind as an evening star), but it will go on till 
her distance in this capacity is at its greatest, or till she turn 
again to approach his body. Then, in the contrary move- 
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ment, from extreme distance as an evening star to extreme 
distance as a morning star, she will be falling behind the sun; 
and it will depend on the rate of this movement whether she 
has any .movement at all among the stars. If her rate of 
mjovement into and ♦behind the sun were exactly equal to the 
sun’s movement among the stars, she would seem at rest 
among them ; or if she moved faster from east to west than 
the sun moved in his course from west to east, she would be 
going through the stars in the opposite way from him : so 
uiat her day, instead of being equal to a solar day of 24 
hours, would be shorter than a sidereal day of 23 hours 66 
minutes. It happens, in fact, during this portion of the 
course of Venus, that her speed is sometimes greater than 
that of the sun in his — in which case she has an actual move- 
ment through the stars opposite to his ; and sometimes it is 
less than the steady solar movement — in which case she moves 
in his direction, but much slower ; and again there are times 
when the two opposite motions are equal, and when Venus 
stands still among the stars, while the sun goes on leaving 
her behind. All motion through the stars from west to east, 
as the sun moves, is called direct ; the opposite motion is 
called retrograde; and at the times when no movement is 
visible, the body is said to be stationary. It must never be 
forgotten that the annual career of the sun in the ecliptic, 
here styled direct, is the opposite of the daily rising and set- 
ting motion of sun, moon, and stars. 

The planet called Mercury has the same character of 
movement as Venus, with this difference, that she never goes 
so far from the sun on either side of him, and performs her 
sweep backwards and forwards in a much shorter time. The 
period between her extreme distance as an evening star, and 
ner return to the same, is only 116 days on an average. So 
close does she keep to the sun, that she is rarely so far out 
of his blaze as to be seen at all by the naked eye. When 
traced among the fixed stars, Mercury shows the same pecu- 
liarities of being on the whole direct in its motion, but some- 
times retrograde, and sometimes stationary, 

81. Mercury and Venus, although they pass near the body 
of the sun in every one of their sweeps backward and forwara, 
very rarely come upon the body itselt : they usually pass a little 
to one side or the other of him. On some occasions, however, 
at very long intervals, they are seen as a black spot crossing 
his body, snowing that they sometimes pass in front of him. 
These passages are called transits q/* Mercury, or transits of 
Venus, and come to have a very peculiar importance in astro- 
nomy, especially the latter, which occur about twice in 120 years. 
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32. Tlie other three visible planets —Mars, Jupiter, and 
Saturn — differ from the two now described, in not being con- 
fined to the neighbourhood of the sun : they may be found 
traversing the whole circle of the heavens, independent of 
the sun^s motion. We have thus greaterlfacilities Tor tracing 
their course among the stars, they being very rarely lost 
among the sun^s rays. 

33. Taking, then, as an example, Jupiter, the most brilliant 
of three (ana with the exception of Mercury and Venus, the 
most brilliant star in the heavens), and watching him for a 
series of nights, we find, as in the case of the moon and the 
sun, that he has a motion through the stars from west to east, 
or direct, but very slow compared with these ; so slow, that 
his motion in a whole year may not be equal to a month's 
motion of the sun, or three days' motion of the moon. More- 
over, if our observations are very close, we discover that he 
too has the planeta^ peculiarity of sometimes retreating for 
a little, standing still, and then commencing to go forward 
again in his general course. On the whole, he circulates 
round the heavens from west to east, like the other bodies ; 
but every now and then, and at intervals not very regular, 
he stands stationary, goes back a little, remains stationary 
again, and finally goes forward. 

34. The planet Mars, known by his fiery red colour, has 
the very same motion as Jupiter, but much quicker. Jupiter 
takes about twelve years to go round the heavens, Mars only 
about two years ; but Mars has the same irregular tendency 
to halt, retreat a little, halt again, and then return to its 
forward march from west to east. 

35. Saturn is still slower in its movement than Jupiter, and 
takes about thirty years to go round the heavens. Its motion 
is also steadier ; tor althougn subject to the same irregularities 
of occasionally halting and retreating, the retreat is much 
shorter than with the other two, and especially shorter than 
in the case of Mars. 

36. The minor planets discovered by the telescope are 
all of the character of Mars, Jupiter, and Saturn ; not one of 
them remains in the neighbourhood of the sun, like Mercury 
and Venus. They have the same general course through the 
atars, and the same interruptions, although in different times. 

87. If we come now to inquire in which circle of the hea- 
vens the planets move, whether in the equator, and in the direc- 
tion of the starry movement, or cross to it, like the sun in the 
ecliptic, we find the latter to be the case. Although they are 
all xn the equatorial, and not in the polar regions of the stars, 
they do not remain in the same course, but shift laterally, 
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and are found sometimes in the horth hemisphere, and sorne^ 
times in the south ; so that if we describe a circle for each of 
them through the stars, we find that it isjust another ecHptic, 
or slanting circle, cutting the equator. This is found out by 
*the same observations as those that were applied to the sun; 
namely, by noticing their points of nsing and setting through 
the whole course of one of their circles in the heavens. But on 
actually drawing these circles, we find that they are almost all 
very near to the sun’s circle, or the ecliptic. Of the five visible 

S lanets, Mercury ^oes farthest out of tne ecliptic ; but even it 
oes not d^art above a third of the obliquity of the ecliptic 
itself, and the other four are almost close upon the ecliptic. 

38. In consequence of this coincidence, astronomers have 
marked out a belt in the heavens, extending a little way on 
each side of the sun’s course, so as to contain the courses of 
the planets ; this belt is named the Zodiac. On globes, it is 
marked by twelve imaginai^ figures, which the starry groups 
in the different places of it are supposed to be like; such as, 
Aries^ a ram ; Taurus^ a bull : Geviini^ the twins, &c. ; going 
round the whole course of tne ecliptic, and each group ex- 
tending over a twelfth part of the circle, or over a month’s 
motion of the sun. The sun, the planets, or the moon (which 
also moves near the ecliptic, and 
not on the equator), may then 
have their places pointed out by 
telling what figure or group, or, 
as it is called, what sign they 
are in.* 

39. Thus in the figure, let P 
and p be the celestial poles, EQ 
the equator seen edgeways, and 
BT the ecliptic, or the sun’s course, 
which cuts it. Then if a breadth 
of about 18 degrees is marked out, 
half on one side, half on the other 

side of the ecliptic, the planets will almost always be found 
within that belt. If the belt all round be subdivided into 
twelve divisions, each is called a sign ; and the sun, moon, or , 
a planet may be pointed out by stating that it is in some one 
of the twelve signs. The signs themselves may be recognised 
either by the configurations of the stars, as learned &om a 
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* The twelve signs are — 

Cp Aries, SS Cancer, 

y Taurus, ft, Leo, 

n Gemini, Virgo, 


Libra, V3 Capricorn, 

V\^ Scorpio, Aquarius, 

^ Sagittarius, X 
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oeltotial globe or map, or by their relation to the sun’s place 
on the days of equinox (21st of March and 21st of September )| 
which place is a g^reat starting point in the heavens. On 
these days the sun is on the equator, as at S, or midway from 
pole to pole of the heavens ; so that in the figure he lies at 
the crossing of the two circles — the ecliptic and the equa- 
tor. This crossing is used to count distance from in an 
east or west direction, as the poles are used to count from 
in a north and south direction. The two crossings at oppo- 
site sides of the heavens are named after the equinoxes pro- 
duced by the sun lying in either of them: they are called 
the equinoctial pointe; and the one where the sun is at the 
March equinox, is the great point that east and west distances 
are measured from. This point anciently coincided with the 
commencement of the constellation Aries, but it is found to 
shift slowly in the course of ages, and now it is a whole sira 
behind, or at the beginning of the constellation Pisces, the 
last of the twelve, which ends where Aries begins. In other 
words, the sun two thousand years ago lay at the beginning 
of Aides on the 21st of March ; and now he lies at the begin- 
ning of Pisces on that day, and does not come into Aries till 
the 21 St of April. But notwithstanding this shifting of the 
equinoctial crossings, the one that takes place in March is 
still used to count distances from, and is considered by astro- 
nomers the first point of the si(jn Aries ; hence the measured 
places of the fixed stars are, m the east and west direction, 
constantly changing. A star c, which anciently counted 12 
degrees from the equinoctial starting point, will be now 42 
degrees from that point. This slow change, amounting to a 
sign, or 30 degrees, in about two thousand years, is called 
the precession ^ the equinoxes, 

40. We must now explain more particularly the system of 
measuring and stating in numbers the distances and posi- 
tions of the heavenly bodies, without which we can have no 
accurate knowledge of their movements. The instruments 
for taking distances we shall explain afterwards. At present, 
we consider the manner of counting them. 

41. In the figure, let P andp be the poles, EQ the celestial 
equator, RT the ecliptic, which cuts the equator in two oppo- 
site points S and V, which are therefore the equinoctial pomts. 
Let 0 be a star, whose place it is desirable to fix by stating 
in numbers how far it is from some known points. A portion 
of a circle is drawn from the pole through the star on to the 
equator, so as to cut the equator at right angles (or equal 
angles). The star’s place is then expressed by two measure- 
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ffients^ one from the pole 'Pc, called the polar distance, which 
measui'ement is an exact north and south measurement ; the 
other is an east and west measurement, and is made be- 
tween S, the vernal or March 
equinox, and W, where the circle 
from the pole cuts the equator: 
this is called the right ascetision, 
being* exactly in the direction of 
the starts daily course. The num- 
bers used are the degrees of a 
circle. Thus if c were one-third 
of a quarter-circle from P, Pc, 
the polar distance would be set 
down at 30 degrees (marked 80^^). 

And if SW were a tenth part of 
the whole circle of the equator, 
the right ascension would be set down as 36 degrees (360 
degrees to a complete circle). The number for the polar dis- 
tance is not so often used as the other part of the circle cW, 
the distance from the equator, which arises from subtracting 
the former from 90 degrees. Thus, in the present case, cW 
is 60 degrees. This distance from the equator is called decli^ 
nation, because the middle line of the sphere is supposed to 
be a standard line, from which the stars scattered in tne hemi- 
spheres on each side are supposed to decline, or turn away. 

42. To take another example : — Let X be the sun, which is 
always somewhere in the ecliptic. Suppose it to lie in the 
southern hemisphere, and to be on its way to the vernal or 
March equinox at S. In this case we draw a circle from the 
south celestial pole, through X to Y, at right angles to the 
equator. The arch pX is the south polar distance, or YX is the 
declination south; XS is the east and west measurement, or the 
right ascension, which may be given either by stating the 
number of degrees in the part of the circle between Y and S, 
or (for the sake of counting all right ascensions round in one 
way) by giving the degrees from S round by Q, V, and E 
to Y. If YS were 40 degrees, the right ascension, counted as 
before, would be 320 degrees. When the sun is at S, the March 
equinox, his right ascension is nothing ; and being then on 
the equator, his declination is nothing. On the 21 st of June, 
when he is round to T, his farthest remove from the equator, 
his right ascension is 90 degrees, or a quarter of his course ; 
his declination QT is then greatest, and is the same as the 
obliquity of the ecliptic, or 23 degrees 28 minutes (expressed 
28* 28'). When he has gone round to the autumnal or Sep- 
tember equinox, his right ascension is half a circle, or 180 
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degrees; but being now on the equator, bis declination is 
again nothing. In midwinter he is at R in the south hemi* 
sphere, at a right ascension of three-quarters of a circle, or 
5270 degrees ; his declination ER being equal to the obliquity 
of the ecliptic, or 23 degrees 28 minutes. The same mode of 
measurement is applied to the moon and the planets. 

APPEARANCES CAUSED BY CHANGING FROM ONE PLACE >N " fir 
EARTH TO ANOTHER. 

43. All the previous explanations have supposed that we 
have been mixing our observations always in the sauie 
locality; and in tact we have spoken of the heavens in a 
manner chiefly suited to a person residing in Great Britain — 
many of the foregoing statements would not be true to a pei- 
son residing in distant countries from our own, as in the Cape 
of Good "lope, Australia, or Mexico. We must now consider 
wha., " flfe^ences take place in the celestial appearances Wneu 
we pass ''.om one country to another. It will be convenient 
to study nrot the effects of lemoving north or south, and after 
that the effects of going east or west. 

Appearances caused by moving North or Lo^uth. 

44. If we set out northwards, without at the same time 
moving east or west, and go on travelling for a considers ole 
distance, and observe nightly the appearances of the stales, the 
first thing that will strike us will be, that some of those stars 
whose setting took place far north of the west, or near the 
very north point itself, now remain up day and night. Thejr 
ascend, go round the heavens, and descend, as before, out in their 
lowest point they keep from going beneath the horizon. Their 
character formerly, or in the place we left, was to remain down 
out of sight a very short time, and now they have ceased to go 
down at all ; and other stars in the same quarter that still go 
down, remain down a shorter time than before ; so that, on 
the whole, there seems a general rising of the north side of 
the heavens ; all the circles there are described as at a higher 
elevation ; the meridian passages both above and below are all 
higher. From this it follows that the pole itself, the centre of 
all these daily circles, must be higher up in the sky. If, again, 
we turn round and notice the south side of the sky, where we 
formerly observed stars rising a little east of the south point, 
ascending a small wa^, and &en descending somewhat to the 
west of the south point, their whole time above the horizon 
being very short ; if we look for those briefly-seen stars, we 
find that they do not appear at all : they may be performing 
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their dailj circles as before, but these are now gone entirely 
through m the nether sphere. The stars that do actually get 
up a short way still, are those that rose much higher, and 
stayed up much longer in our former place. It is evident that, 
on the whole, the south side of the starry sphere has been 
sinking in the sky, as the north side has been rising. The 
south celestial pole has dipped deeper into the invisible nether 
sky, and the north pole risen higher in the upper sky. The 
axis of che sphere has turned round more near the upright 
position, and the course of the stars has become more level, 
Tbp farther north we go, this effect increases more and more. 
But for the cold and snow of the north countries, we might 
go northward, finding the north pole of the heavens rising, 
ana the south pole sinking, till the former stood right over 
our heeds in the zenith, and the other right beneath our feet 
under the earth in the nadir. The sphere would then be 
spinning upright; the stars would go round t^^e heavens in 
a icr^ecth' level course, never rising or falling ; those that are 
up a^ one time, would be up at all times. We would have a 
constant sight of the north hemisphere of the stars, and never 
any glimpse of the stars in the south hemisphere. In the 
summer half of the year, when the sun is in tne north hemi- 
s}>here, he would go round the heavens without setting ; and 
in *he other half, from the September to the March equinox, 
during w^ich period he is in the south side of the equator, he 
ivouh* be constantly invisible, like all the stars in the south 
hemisphere. In like manner, the moon or a planet would be 
<vi**'ays above o^* always below the horizon, according as it was 
north or south of the equator, which in this case would be the 
same as +he horizon. 

46. Although no one h«s been able to go so far north, on 
account of the cold (which arises from the sun being half the 
year out of sight, and the other half moving in a very low 
level in the sky), so as actually to see this state of things, we 
are sure that it does occur, from the steady approach to it so 
far as we can go. It is therefore curious to inquire what is 
the reason why the mere fact of travelling some hundreds of 
miles over the earth should so far change the general inclina- 
tion of the starry sphere. 

46. This reason is no other than the rounding of the earth, 
which was probably first discovered from these changes. If 
the earth were a broad flat, or entirely level surface, such 
appearances could not arise. Let S represent the ball of the 
earth floating in the centre of the starry sky ; then on any 
part of its surface, such as A, a line AZ drawn plumb to that 
place, or perpendicidar to it, will rise to Z exactly overhead, 
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or to the zenith of the skjr over the place. Let P be the pole 
of the heavens, whose heig-ht will be PH ; H bein^ the dis- 
tant horizon which bounds the vi- 
sible heavens seen fh)m A. Let us 
now travel round to B, and let a 
line be raised perpendicular to the 
level of B ; this line will proceed to 
the zenith of the place, wnich must 
be in a diffei^nt direction in the 
heavens from the zenith of A. In 
fact, by travelling* round the ball, 
we get a different look-out upon 
the starry sphere. If B is as far 
round from A, as P the pole is from 
Z the zenith of A, then the pole will be in the zenitn at B, and 
all the consequences will arise that were mentioned in the last 
paragraph. If we were travelling half round the earth to a 
point such as C, we should face a totally different quarter of 
the heavens ; the south pole and the southern hemisphere 
would be visible, and the north regions thrown under the 
earth out of sight. Up and down would come to be reversed : 
but we must understand that these terms do not mean any one 
fixed direction in space; they mean only the direction that a 
stone falls or a plummet hangs, or that we ourselves press the 
earth. Now all these tendencies are to the eartW$ centre^ so 
that we feel them alike on every side of the earth ; on what- 
ever side we are, up lies directly over that spot, Z is the 
highest point up from A ; P the highest point up from B ; 
D the highest point up from C. 

47. The place on the extreme north of the earth, where the 
north celestial pole is in the zenith, and the stars move level, 
is called the north pole of the earth; it faces, as it were, the 
north pole of the heavens. In fact, a line drawn from the 
earth’s centre through this place would terminate in the 
north celestial pole. 

48. The roundness of the earth shows itself in like manner 
when we go souths the changes being opposite to the changes 
above described in the northward course. Having once pro- 
ceeded a good way south (as to Spain, or to Algiers on the 
African coast), if we look at the north side of the sky, and 
compare it with our former experience, we find that stars 
that went round the heavens without setting, now set and 
remain below the horizon for a part of their course. The 
number of those that keep always up is smaller and more 
contracted towards the pole. The pole itself, the common 
centre; has sunk very considerably. Again, in the south side 




81 


AFF£ARAKCBS OAUSEB by CHANOIKG; &c. 

of the heavens, many new stars are found rising ; and those 
that in our former residence rose only a little, now rise a con- 
siderable way in the heavens* Moreover, the rise of cdl bodies 
is more upright than before, and everything goes to show 
*that the starry sphere has been, as it were, laid more upon its 
side : the north end of the axis having fallen, and the south 
end having riseii. If we continue our southward journey, we 
may come to a place where the north pole sinks into the north 
point of the horizon, and the south pole comes up to the south 
point of the horizon ; the starry axis is then completely on its 
side, and the stars in their revolution ascend directly upwards, 
or in a vertical direction, and descend directly downwards. The 
whole sphere may now be seen in the course of the twenty- 
four hours ; every star rises and sets, and stays half of the day 
above and the other half beneath the horizon. The stars that 
are near the poles rise but a short way, from the smallness of 
their circle ; out those that are in the equator, or that rise in 
the east ana set in the west, ascend to the very summit or the 
zenith. The sun at the equinoxes will therefore be in the zenith 
at noon, and in the nadir at midnight ; his whole course in 
this situation being direct up and direct down. Hence it 
happens that in these region^ he seems to rise and set more 
abruptly than in a country like ours, where his motion (like 
all tne other stars) has a very great slant. It is this great 
elevation that gives his rays such a burning power, as to 
maintain a far higher heat in those places than in others 
where he ascends to smaller heights, as, for instance, at the 
earth’s pole, previously described, where his greatest mid- 
summer height is only about a fourth part up the sky. 

49. The ^aces where the sphere revolves with its poles in 
the horizon may actually be reached, and the above pheno- 
mena observed. In fact men live where such appearances 
happen, as in the islands of Sumatra and Borneo in the East 
Indian seas, in the Guinea coast of Africa, and near the 
Amazon river in South America. A place of this character is 
said to be on the earth's equator^ which is a line drawn round 
the body of the earth, su^ that on any part of it these celes- 
tial appearances will take place. This line must be a quarter 
of a circle distant from either pole. (See Map, p. 83.) 

60. If we go still ferther south than this equatorial line, the 
axis of the sphere will get up again : but now the south end, 
or the south pole of the heavens, will mount in the sky, and 
the north pole descend into the nether unseen regions. We 
may go on south, this effect increasing more and inore, till we 
become convinced that there is a place in the extreme south 
ond of the earth where the south pole of the heavens would 
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be in the zenith, and the sphere spin upright, as at the far 
north, only with the other end up. This place is as inacces* 
sible as the other, on account oi the coldf; but we are sure 
that it exists, and it is called the south pole of the earthy 
facings as it does the south pole of the heavens. 

61. Thus let the inner circle RNTS represent the earth, 
and the outer circle the starry sphere, revolving around its 

axis Pjo, P being the north and 
p the south pole, and £Q the 
equator. The place N on the 
earth, where the north celestial 
pole P is overhead, is the north 
pole of the earth; the place S, 
Cl where the south celestial pole p 
is overhead, is the south pole of 
the earth. The circle RT, encom- 
passing the earth in the places 
where the sphere revolves on its 
side, is the earth’s equator ; it is 
the same plane as the equator of 
the heavens EQ, and like the latter, it divides the earth into 
two equal halves or hemispheres; the one (RNT) around the 
north pole, is the north hemisphere : the other (nST) around 
the south pole, is the south hemisphere. The line (NS) run 
through the earth from pole to pole, would be the axis of 
the earth. The equator is right across, or at right angles to 
this axis. 

62. Thus it is that we discover and describe the shape of the 
entire mass of the earth by what we see in the heavens. We 
also use these marks, derived from the heavens, to measure 
distances on the earth. We lay down places on the earth, 
according to their distances from its equator or pol^, in the 
manner already described with the stars. We can find out 
how far one place is north or south of another, compared 
with the whole circle of the earth, by observations of the stars 
alone. Thus if we set out from a place on the equator at which 
the poles are in the horizon, to a place where the north pole is 
half way up the heavens, or at a height of 46 degrees, we are 
sure that we have gone half way from the equator towards the 
north pole of the earth. We may not know how many miles 
we have travelled, but we are sure that we have gone an 
eighth part of a complete round of the earth ; in the above 
figure, we would have travelled from T to v, half way between 

63. To suit this method of determining distances, not by 
miles, but by proportions of the whole circle of the earth, this 
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circle is divided, like the heavens, into degrees. The quarter 
circle between the equator and one of the poles is divided into 
90 degrees, called degrees of latitude ; and every place, accord- 
ing to its relative distance from the equator, is said to have so 
many degrees of latitude. On the equator itself the latitude 
is nothing : at the pole it is 90 degrees. On the banks of the 
river Po in Italy, the north pole of the heavens would be 
about half way up ; hence the ground there would be said to 
be in latitude 45 degrees. At the Pyramids of Egypt, the 
pole would be one-third up the northern sky, or have a neight 
of 30 degrees, which is therefore the north latitude of the 
Pyramids. Near the capital of Norway the pole is two-thirds 
up the heavens, which proves that locality to have 00 degrees 
of latitude. In this manner every place on the earth may 
have a latitude assigned it. 

64. If we knew how many miles it takes to go from one 
degree of latitude to another, we should know how many miles 
it would take to go round the earth, or we should know the 
actual size of the whole earth. From measurements made in 
different countries in the course of the last two hundred years, 
it turns out that a single degree is between 69 and 70 miles, 
so that a journey round the whole earth, from pole to pole, 
would be about 25,000 miles. The greatest length of Great 
Britain is about 600 miles, which extends only over nine 
degrees of latitude, or a fortieth part of the circumference of 
the earth. (See Map, p. 33.) 

65. When the lengths of degrees of latitude came to be 
measured very accurately in various places of the earth, some 
near the equator, and others near the poles, it was found that 
a degree near the poles is longer than a degree near the 

equator. If the earth were of a per- 
fectly round shape, or an exact sphere, 
all degrees of latitude would be of 
the same length. Hence it was seen 
that the earth is not exactly round, 
g^but in a very slight degree flattened 
at the poles, so as to measure shorter 
from the north to the south pole 
than from two opposite points of the 
equator. Thus the length NS between 
the poles is calculated to be 7899 
miles, and the length EQ across the 
^uator 7925i miles, or greater by 26^ mites. For such an 
immense body the difference is very trifling ; it is, however, 
not only discernible by fine measurements, but it produces 
some remarkable consequences. 
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, 66. It is by employing in this way, first, observations on 
the heavens, and next, measurements along the ground, that 
We survey the whole surface of the earth, and come to know 
^hat extent of ground has been allotted to the human family. 

Appearances caused by moving East or West. 

67. If the earth were a boundless flat level, our view of the 
heavens from it would be the same wherever we went. The 
pole would have the same height in the sky, and the rising 
and setting of the stars would be unaltered. But we have 
seen that, by going north or south, such changes occur as 
prove that our course curves round, instead of being straight. 
The very same thing happens in going east or west ; we find 
reason to believe that in this journey likewise we go in a 
round course, as if travelling on the outside of a ball. Both 
these experiences put together complete the evidence of the 
rounded form of the earth. 

68. If we travel a considerable way due eastward, or with- 
out moving either north or south, we find that the elevation of 
the pole and the inclination of the sphere remain the same ; 
the stars rise to the same height, and continue the same time 
above the horizon. But if we have carried with us a watch, 
showing the exact time at the place we left, we find that the 
risings, settings, and meridian passages of the sun and stars 
are much earlier than before: instead of the sun being at 
its height at twelve o’clock, it is at its height perhaps at 
ten o’clock, and all the stars rise and set two hours earlier 
than we should have found them doing if we had remained 
in our former place. The farther we journey, this effect 
increases more and more. If we were to pass from Britain 
across the continent of Europe, as far as the boundary of Asia 
at the Ural Mountains, we should find that all the risings, 
meridian passages, and settings, are four hours earlier than 
in this country. On the other hand, journeying westward 
across the Atlantic to America, the contrary happens; the 
appearances are all later. On the banks of Lake Superior, 
between Canada and the United States, the sun rises regu- 
larly six hours later than in London; three o’clock in the 
afternoon with us (or three hours after the sun’s meridian 
passage), is nine o’clock in the forenoon there, or three hours 
before the sun’s greatest height. In voyaging westward 
from America across the Pacific Ocean, we pass a situation 
about half-way between America and the east coast of Asia, 
where it is midnight when we have mid-day in this country. 
To us the sun is highest in the upper siy, when to the 
voyagers thefe he is at his gi’eatest depth in the nether sky. 
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This can arise only from the middle of the Pacific being on 
the other side of the earth’s ball, so as to present its face 
always to that half or hemisphere of the sky opposite to the 
one we see. 

69. Let the earth be represented in the figure ABC, as if 
we were looking down on its pole; a direction round it, 
such as AB, will be an east and 
west direction. If, then, a spectator 
at A sees the sun full in sight in 
his sky, a person at B will see him 
slanting away, or very much lower 
in his sky ; and round at D he will 
not be seen at all. To the dwellers 
at A it will be mid-day ; to those 
at D or C midnight ; to those half- 
way between A and D it will be 
either six in the morning or six in 
the evening, according as they are on the one side or the other. 
The same consequences will happen whether the spectator 
be near the pole or near the equator ; whatever the latitude 
be, there will be the same discrepancies of time in moving 
round ; only near the pole the distances will be smaller, the 
whole circle of the earth being there smaller. On the equator 
the earth is 26,000 miles round ; a passage round the earth, 
in the latitude of the Shetland Islands, would only be one- 
half of this distance; hence, in disordering the time, 100 
miles from the Shetlands would be equal to 200 miles in an 
equatorial country. 

60. Any proportion of a circle of the earth running east 
and west, or in the same way as the equator (that is, right 
across the axis which goes between pole and pole), is cafied 
so much longitude, A whole circle makes 360 degrees of 
longitude; a quarter of a circle, as from London to Lake 
Superior, 90 degrees. Every place is distant from another 
by a certain amount of longitude, if it be at all east or west 
of that other. If one town is exactly north or south from 
another town, there is no difference of longitude: there is 
merely difference of latitude. If one town is exactly west or 
east from another, there is no difference of latitude; the whole 
interval is a difference of longitude. 

61. To find differences of latitude, we have seen that it is 
necessary to find the height of the celestial pole in the diffe- 
rent places. To find differences of longitude demands a more 
difficult process ; but it is equally a matter of celestial obser- 
vation. It requires a comparison of the clocks, or reckonings 
of time, in the different places. Each place hai^ iu clocks set 
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to point to twelve when the sun is in the south point, or 
meridian passage. Now if a clock that is set for London 
could be carried to Paris, and remain true in the meantime, 
and be compared with a Paris clock, the difference, which 
•would be 9 minutes 21 i seconds, is the difference of longitude 
between London and Paris; or reckoning an hour of time 
(which is the 24th of a day) at the 24th of the whole circle, 
or 16 degrees, the longitude in degrees is 2° 22' 22^". 

62. Since portable time-keepers have been very accurately 
constructed, they have been used by sailors for finding the 
longitudes of places at sea. Before leaving Britain, a chro- 
nometer is set to Greenwich time, which it keeps wherever it 
goes ; so that if the commander of a ship can find out when 
the sun is at the meridian In any place, he will have mid-day 
at that place, and by looking at his chronometer, he will 
have the time at Greenwich. If this, for example, should be 
half-past two in the afternoon at his mid-day ooservation, he 
is west from Greenwich by 37^ degrees, or nearly a tenth of 
a circle of the globe. 

63. But as the very best chronometers vary in long voyages, 
and as a small error, even a few seconds, would create an error 
of many miles in the lonritude, a method has been attained of 
finding the longitude independently of time-keepers, although 
these are nevertheless used. This method has arisen out of 
the astonishing perfection 'of astronomical science, which 
enables us to predict, for years before, the exact second that 
some remarkable appearance will happen ; such as an eclipse 
of the sun or moon, or an obscuration of any of the boaies 
that pass and repass over one another. We can also foresee 
how lar the moon will be from some fixed star every minute 
and second for several years to come. By the requisite calcu- 
lations, these distances are found out and published three or 
four years beforehand in an almanac called the ‘‘ Nautical 
Almanac f and the time reckoned by is Greenwich time, or 
the clocks of Greenwich Observatory, situated a few miles 
from London. If, therefore, a seaman measures on any 
night the distance between the moon and a star (which, from 
the moon^s motion, changes very fast), he can look up the 
almanac and see what o’clock it is at Greenwich when this 
exact distance occurred. If he has also found out the time 
at the place where he is, the difference of the two will be 
the distance of longitude. If the observing instrument be 
good, and the observation carefully taken, the longitude may 
be found in this manner with extreme accuracy. 

64. It is thus that celestial observations are used to find 
,the latitudes and longitudes of all places on the earth, and to 
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lay down on globes and maps the exact situation of all the 
countries, seas, rivers, and towns in the world ; so that we 
can from thence dnd their distance in miles, and know in 
what direction we must go from any one to reach any other. 


MEANS OF ACCURATE OBSERVATION BY 
INSTRUMENTS. 

66. The great General Appearances that we have explained 
might have been, and actually were, discovered without much 
assistance from instruments. The apparatus employed by 
the astronomers of antiquity was rude and imperfect; and 
hence they were incapable of noticing very nice movements 
and changes among the heavenly bodies. But the experience 
of modern times has shown that, without exceedingly deli* 
cate observations, the rules that the stars move by (especially 
the wandering bodies) could never have been discovered ; and 
we should not have been able to foretell precisely where any 
star would be at a certain minute in some distant year, so as 
to work the method above described for finding longitudes. 
It is this power of accurately foretelling the future, that 
proves that we know exactly the regular rates of movement 
of the heavenly bodies. 

66. Accurate observation has shown that many of the ori- 
ginal suppositions as to the celestial motions were incorrect. 
The uniformity of the daily motion of the starry sphere has 
been confirmed ; but the annual course of the sun among the 
stars has been proved to be irregular ; at one time of the year 
he moves quicker than at other times. Now, without know- 
ing the irregularities, when there are any, we cannot foresee 
where a body will be at any after time ; nor can we expect 
to discover the exact influences that are at work upon it. 

67. Astronomical observation involves, first, the measui^e- 
ment of the distances of the heavenly bodies from one another, 
and from such standard points and circles as we have already 
described f the celestial poles, equator, meridian, horizon, &c.) ; 
and seconaly, the measurement of the times that elapse in the 
course of the movements from one point to another. These 
distances ar^ not distances in miles (which are an after deter- 
mination), but distances along the circle of the sky, or angular 
distances, counted in degrees at 360 to the whole circle, or 
90 to the quarter circle, which corresponds to a right angle, 
or the inclination of two lines that are right across one another. 
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Thus in the circle in the figure, the stars £ and B are set 
down at 90 degrees of distance, if the arch between them be 
a fourth of the whole circle of 
the sky, or if the angle at C 
•between them be a right angle ; 
which h^pens if EC be direct 
across AB, or if the angle on 
one side ECB be equal to the 
angle on the other side EGA. 

Measurement by parts of a circle 
and by angles are one and the 
same thing, and receives the 
name of angular measurement^ 
just as it might also have the 
name of circular measurement, 
as it practically is ; for the only way that we can know how 
much two lines are inclined to one another, is to see what 
portion of an entire circle lies between them. 

68. Hence in order to measure such things as a star’s dis- 
tance from another star, a body’s height above the horizon, 
its distance from the pole, its distance from the meridian — we 
must have instruments that can measure angles, or portions 
of a circle, round the sky. 

The simplest shape of such 
instruments is a plain qua- 
drant^ with a movable arm, 
and the round edge cut into 
equal divisions to represent 
degrees. Let the e dge AC 
of the board in the figure 
have two bits of iron (A and ^ 

B) stuck in it, with small ^ 
holes in them, so that when 
a star is seen through those, 
the side AC is directly point- 
ed towards it ; the movable 
arm RS, terminating in an index over the graduated edge, 
must also have two sight-holes mounted on it, by which it 
may be pointed to another star, while AC remains pointed 
to the first. The end of the arm will then mark off on the 
divisions of the rim the number of degrees between the two 
stars, or the angular distance between them. 

69. But although this shows the principle of all the appa- 
ratus for measuring sky-distances directly, a vast number of 
refinements are needed to make a sufficient instrument. Im- 
mense prece^tions have to be taken to cut the divisions accn- 
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raldk, to adjust the movable arm, to &is, the instrument 
ateadily, to assist the eye in pointing’ it, and in observing’ the 
number of degrees on the rim. Moreover, the changes of 
tlie atmosphere (besides introducing other uncertainties into 
celestial obseryations) affect the dimensions and position of 
every material machine whatsoever, so that a quadrant of 
brass or wood will sometimes show one measure in the morn- 
ing and another in the evening for the very same distance. 

70. The measurement of time, the other great element of 

celestial appearances, was made of old by sun-dials and bv 
the running out of water (on the principle of our sand-glasses), 
&c. ; it is now effected by pendulum clocks, or by watches 
where a coiled spring serves the purpose of the pendulum, to 
beat seconds all of the same length; while the wheel-and- 
pinion-work counts the beats, and shows their number by 
the hands on the dial-plate. , ^ 

71. The great essential in a time-measurer is to have a 
uniform motion, such that by measuring off equal spaces we 
x:an be sure of equal times. If a snaS would crawl along 
a plank at the uniform speed of three feet in the hour, we 
could find out the time at any instant by measuring how far 
on it was ; just as a person, knowing that he usually walks 
four miles an hour, can tell the length of time he has been 
walking by the milestones. But there is no motion on the 
earth perfectly equal; the only uniform motion discovered 
by man is the daily round of the starry sphere. A fixed star 
seems through all ages to take the very same time between 
one rising and' another, or between one meridian passage and 
another; and the different portions of the daily cirde are 
described with the same rigorous uniformity. Here, then, 
we have a perfect standard of the lapse of time ; and in order* 
to make use of it, we only require instruments for ascertaining 
exactly the passages of the stars. The passage used for this 
purpose is not the rising or setting, but the crossing of the 
meridian. And with an instrument pointed exactly to the 
meridian (or to the south or north, as the case may be) the 
observation is made. 

72. By using only a single star, we could determine exactly 
the lapse of a sidereal day (23 hours 66 minutes nearly) ; but 
by using a great number of stars, coming at different times, 
we could get a great many fixed times m the course of the 
day ; at every hour or half hour (supposing we could always 
see the stars) we might have exact inmrmation of the time. 

78. But this method of constantly looking at the heavens 
to know the hour would be very troublesome, and time- 
keeping machines ore constructed on the earth, which are 
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made to go as uniformly as possible, and are kept correct 
occasional observations of the passages of the stars. In 
observatories, clocks are kept whose day is a day of the stars, 
and not of the sun, called sidereal clocks; but for common 
life, the operations of which depend on the recurrence of day- 
light, the solar day is used ; and for logulating it, we naturally 
observe the meridian passage of the sun. But this is not 
uniform, like the passage of a fixed star ; hence clocks can- 
not be kept right by the sun, unless we know to allow for 
his irregularities. Now-a-days these are well known, and are 
put down in the almanac; as where it is said, every now and 
then, that a clock is fast or slow by so many minutes ; mean- 
ing that the sun is not on the meridian exactly at twelve, 
but some minutes after or before twelve. 

74. Of all motions that we know on the earth, the swing 
of a pendulum is about the most uniform — that is to say, the 
time taken up by one vibration is always the same for the 
same pendulum, whether the vibration make a large or a 
small sweep. Hence our best and simplest clocks are those 
that keep a pendulum vibrating, and record the number of 
its vibrations. There are small inequalities produced by the 
friction of the machinery, and by the alteration of the length 
of the pendulum through changes of heat and cold. But 
the former are done away with by fine workmanship; the 
latter by methods of compensation, such that the matter of 
the pendulum is thrown as much one way as the other, in 
the case of expansion or contraction. By these refinements, 
clocks are made that do not vary above a second or two 
in. a year. But on the sea, pendulum clocks cannot be 
kept; hence the utmost pains have been taken to make fine 
watches, or chronometers, as they are called. These are now 
made so accurate, as not to vary many seconds in the year. 
For the purposes of common life, clocks of very ordinary 
workmanship are sufficient. 

75. The instrument for observing 
the meridian passages of the heavenly 
bodies is called a transit instrument. 

It consists of a tube fitted up with 
lenses, so as to make it a telescope, 
having a cross axle resting on two 
firm stone supports, upon which it 
can swing up and down. The tube 
must point exactly north and south, 
or towards the meridian circle of the 
sky; and the axis must be very accurately across it, or point 
east and w^t, and at the same time be exactly level, and its 
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ertds ground perfectly round, and equal to one another — that 
is to say, everything must be done to keep the tube from 
swaying out oi the north and south line when it is moved 
up and down on its axis. One of the rests of the axis is 
made movable by screws, in order to give the means of 
making a perfect adjustment. It is rendered true by setting 
up at a distance some mark exactly in the south, and putting 
it right by this mark before an observation is begun. To 
mark with the utmost nicety the meridian line, there is put 
across the inside of the tube, in the focus 
of the eyepiece, a set of wires, five at equal 
distances up and down, and one across 
the middle of these. These wires are so 
adjusted, that when the telescope is set 
north and south, the middle upright wire 
lies exactly in the meridian circle; and 
the crossing of the meridian by a star, or 
by either edge of the sun or moon, takes 
place at the instant that the star is seen passing this middle 
wire ; at this moment the time by the clock is noted, and the 
observation of the transit thus completed. But for the sake 
of greater certainty, the time is observed of crossing each of 
the five wires, ^ind the middle instant determined by an 
average, instead of the middle passage alone. 

76. By the transit instrument and sidereal clock, one class 
of angular measurements can be made independently of a 
graduated circular instrument; these are the measures of 
ri^ht ascension, or intervals round the sphere in the direction 
of the daily motion, or of the celestial equator ; for as the 
sphere revolves uniformly, the time between one starts crossing 
the meridian and the crossing of a second, will show how far 
the one is from the other in a circle parallel to the equator. 
Thus if the moon passes the south at six o^clock, and Jupiter 
at ten okdock (by a sidereal clock), the interval of four hours 
will show a sixth part of a circle between them, or 60 degrees 
of right ascension ; and if the sidereal clock point exactly at 
Oh, or begin its round when the vernal equinoctial point is 
in the meridian, the time of passing of each star will be 
exactly the right ascension of that star : hence in obseiwa- 
tories, the taking of the transits of the heavenly bodies is one 
great part of the business of celestial observation. 

77. There is no other angular measurement that can be 
effected without graduated instruments. To find the other 
great element of a starfe position — its distance from the celes- 
tial pole, or its distance from the celestial equator, called the 
declination (one measurement sufScing for both)p a circle, or 
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portion of a circle, with a divided circumference, is necessary. 
The instrument commonly used is that called the mural circle^ 
because it requires to be firmly fixed in a massive stone wall. 
It is a brass wheel, 

Vith one side of the 
rim accurately cut into 

subdivisions for de- ff/ M 

grees ; and a telescope fj f 
like the transit tube, h ( , 

mounted on the same y 1 D 

axle, and moving* J fj 

round it. Thus let 'aV 0 
there be a circle, with 
its marks for degrees. 

In the centre a hole 


is pierced, and an axle inserted carrying the tube ah, across 
which lie two arms mn, making one piece with the tube, and 
serving as indices to point to the divisions of the rim. Then 
if this apparatus be mounted, like the transit instrument, so 
as to point north and south, it will observe the transits, 
and at the same time measure the distances of the stars 


from the pole, or from one another in respect of polar dis- 
tance, Thus suppose the telescope is pointed to the object S ; 
by means of clamps, the circle and tne telescope are rigidly 
fastened in that position ; the pointing of the index is then 
noted, and the degrees and fraction of a degree written down. 
The circle being still kept fast, the tube is unclammed, and 
turned round to another object T, and adjusted till T is seen 
at the crossing of the middle wires ; it is then clamped, and 
the pointing of the index arm is again read in degrees and 
parts of a degree. The one number is then subtracted from the 
other, and the difference is the angular interval between S and 
T. Hence if S were the celestial pole, the degrees between it 
and T would be the polar distance of T. If, in this case, the 
number on the rim between the two places were 60 degrees, 
this would be the stai'^s polar distance, and 40 degrees would 
be its declination or distance from the equator. By this com- 
pound instrument, therefore, along with the clock, right 
ascensions and declinations can be observed together, and 
the place of the body in the heavens fixed by a single ob- 
servation. 


78. Angular measurements of every kind are made with 
instruments on the same principle, containing a metallic circle 
or portion of a circle (often a fourth, or a quadrant) accu- 
rately divided on the rim, and carrying a telescope and an 
index arm. t The accuracy of observations by such instru- 
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ments must depend, on the exact pointing of the tube to 
the object; 2a, on the accuracy of the markings of the 
degrees, each one of these requiring to be exactly a 360th 
part of a whole circumference; 3<^ on the nicety of the 
means of finding the exact fraction of a degree, when the 
index points between two of the marks on the rim. Now, in 
the first place, for pointing the tube truly, it is made a tele- 
scope, as already described, and furnished with cross wires or 
threads, to give the very point where the star should lie. As 
to the second thing, or the graduation of the limb, it is a mat- 
ter of workmanship, and has attained a very high degree of 
perfection. In the third place, for reading oif the limh (as the 
divided side of the rim is called), and for finding the exact 
subdivision of a degree down to minutes and seconds, the 
index terminates in a compound microscope, with cross 
threads in its focus, whose intersection is, as it were, the 
point of the index^ If this intersection do not cover a degree- 
mark on the limb, but lie between two, a connecting screw is 
turned round, which brings the crossing up to the nearest 
Hne; the turnings and fractions of a turning are then counted; 
and from the number of these the exact subdivision is attained. 
Thus suppose the cross threads were seen to lie between the 
72d and 73d degree-mark, and suppose that the screw moving 
the index were so fine that 120 turns were requisite to move 
from one degree to another ; then let the index be screwed 
back till the magnified cross threads are seen exactly over the 
line of the 72d degree ; and if, on counting the turns, we find 
38i turns requisite for this, it will follow that the point will 
be 17 minutes and 10 seconds beyond 72 degrees — that is, the 
reading will be 72° 17' 10". Another ingenious contrivance 
for the same end is the vernier scale, 

79. In working the mural circle to find declinations and 
polar distances, it is necessary to determine with the greatest 
precision the place of the celestial pole. If the pole were 
occupied by a central star, the matter would be easy ; but as 
it is really a vacant spot, it can only be determined by seek- 
ing the exact centre of the daily circles of the stars. In 
determining this, the first thing sought is the exact meridian 
circle, which must be found before the transit instrument is 
applied to furnish right ascensions. The meridian is deter- 
mined by the highest and lowest passages of the stars ; and 
it is made sure by finding that the time between the upper 
and lower transit, under all circumstances, is precisely half a 
sidereal day. The pole itself is exactly the middle point between 
the highest and lowest passage of a star; if, therefore, a star 
be chosen near the pole, and its height marked ?t the upper 
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transit, and tHen at the lower, the middle height between the 
two is the height of the pole : and the difference between the 
height of the pole thus fixed, and the height of any star at 
its meridian passage, gives the polar distance of tnat star. 
^Thus suppose a star passes the meridian 26 degrees below 
the pole, 26 degrees is its polar distance, or 66 degrees is its 
declination. 

80. It is also necessary to have upon an instrument a mark 
for the horizontal point, so as to find the exact heights of 
stars above the horizon, or their exact distances from the 
zenith. We have already seen that it is the height of the 
pole above the horizon that gives the latitude of a place on the 
earth, and that the efficacy of the sun depends on his extreme 
or meridian height; and there are many other reasons why 
heights should be measured. But the sky-line is not the 
exact horizontal line ; it does not perfectly divide the whole 
sphere into two equal halves, the one seen above, and the 
other concealed below. It is sometimes contorted by moun- 
tains and uneven ground; but even in the middle of the 
ocean the visible horizon does not exactly halve the sphere, if 
our eye is raised above the surface of the water. Instead, 
therefore, of measuring the height of bodies above the visible 
sky-line, artificial horizons are made by the help of the 

E lumb-line or the fluid level ; and at sea, where the visible 
orizon must be used, a correction is always made, correspond- 
ing to the height of the observer’s eye above the level of the 
water. This correction is termed the dip, or depression of the 
horizon. 

81. Compound instruments are formed to measure other 
quantities besides the declination and right ascension. Thus 
we may have an instrument that shall measure height above 
the horizon, together with hearing, or direction in reference 
to the cardinal points ; this last quantity is called the azimuth. 
It is measured from the north or south points ; in our hemi- 
sphere it is measured from the north point, or from the 
upright arc that the pole lies in. Thus it a star were north- 
west in the heavens, it would have 45 degrees of azimuth. 
An instrument for measuring azimuth along with height 
requires to combine two graduated circles; the one upright, 
the other horizontal. Thus let ahe be an upright circle with 
a tube attached, as in the mural circle, then this circle is fixed 
into the side of an upright bar de, and this bar goes into the 
centre of a second graduated circle tying flat, and turning 
with the upright bar. To point the telescope on the upper 
circle to^ any star, both circles will require to be moved — the 
upper circle Jn order to get the proper height, and the under 
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circle to ^et the proper bearing or azimuth ; and the degrees 
indicated in the one case will show the height, and in the 
other case the azimuth ; supposing the horizontal point to be 

marked on the first circle, and 
the north point marked on the « 
second. 

82. If, instead of being placed 
upright, to give altitudes and 
azimuths, the axis of this in- 
strument be pointed to the 
pole, it will give polar dis- 
tances and right ascensions; 
and such an instrument, called 
in that case an equatorial, was 
in former times used for mea- 
suring these quantities : but 
the transit instrument, with 
its single circle, and the side- 
real clock, are now used for 
this purpose ; being much more 
accurate and certain, and more 
easy to manage. 

83. A very important instrument for measuring celestial 
distances is that called Hadley's Quadrant, or Sextants It is 
the only instrument found workable at sea ; hence it is exclu- 
sively used in nautical observations. Its principle is to make 
one of the two bodies appear, by reflection from a mirror, to 
lie close to the other, as seen directly ; and when the instru- 
ment is so adjusted, by moving the index arm (which carries 
the mirror), that the two stars seem exactly to touch each 
other, the place of the index shows the degrees of actual dis- 
tance between them. By this the distances of the sun and 
moon are taken from one another, from the stars, and from 
the sea-line or horizon. 

CORRECTIONS TO BE APPLIED TO ASTRONOMICAL OBSERVATIONS. 

84. After obtaining the most perfect instruments for mea- 
suring time on the one hand, and circular or angular dis- 
tances on the other, it is found that observations are still 
inaccurate, owing to the appearances of the bodies themselves 
being so distorted, as to make them seem out of their real 
places. One cause of this alteration of apparent place is the 
atmosphere, which bends the rays of light as they pass 
through it, and makes us suppose a star to lie in a difierent 
position from the reality. This effect is called refraction. 
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Refraction. 

85. It is a general law of the movement of light, that in 
passing into a transparent mass, like water or crystal, it is 
•tent, and moves within the mass in a different direction from 
what it had before entering. Even the thin air of our atmo- 
sphere has this effect upon the light of the sun, moon, and 
stars: the rays of these bodies move in a different course 
within the atmosphere from what they had before reaching 
it. Now, as we can judge of the place of a body only by the 
direction that we see it in, if the direction of its light be 
changed while it remains, we will have no means of knowing 
where it really is. If we saw the sun only from a pool of 
water, we should suppose that it lay in the depths of the 
earth. 

86. The particular effect of the atmosphere on the light of 
the heavenly bodies is the following : — Let E be the earth, 
and ABC the outline of the 
atmosphere ; a ray of light com- 
ing from a star S, on reaching 
the outer surface of the air, is 
bent downwards in the direction 
AD, and on striking the earth, it 
has the effect of having come 
straight from T, and to the ob- / 
server it really gives the impres- / 
sion that the star is at T, or at a \ 
higher point in the heavens than b\ 

S: so that in fact all the stars 
and luminaries seem higher up 
than they really are ; excepting of course those that are in the 
very summit or the zenith, which cannot be made higher. It is 
necessary, therefore, to find out how much a star is displaced 
in this way, that the change may be subtracted from the 
apparent height to give the true height. Now it is known, 
from the general laws of light, that this bending and dis- 

lacement are greatest at low heights (greatest of all at the 

orizon), and diminish gradually up to the zenith, where 
they come to nothing. Hence a table nas to be formed, telling 
how much the refraction is for every degree of height from 
the horizon to the zenith. 

87. These refractions can be obtained only in an indirect 
way. For example, a star is fixed upon such that in its upper 
meridian passage it passes through the zenith. In this posi- 
tion it is not affected by refraction, and its true polar distance 
can be known. Then, by calculation^ it can be mund what its 
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true height is at any other part of its course, when it has 
descended from the zenith ; and by observation, its apparent 
height is also known, which will be so much greater tnan the 
true height, as obtained by the calculation. The true height, 
subtracted from the observed height, will give the exact 
amount of the atmospheric bending or refraction. In this way 
astronomers have determined the refractions for all degrees 
of height. But it is found that the effect of the atmosphere 
fluctuates very much, according to the place, the seasons, 
and the weather ; hence no one table of refractions will be 
always true. To obviate this, each observatory has to calcu- 
late refractions for itself, and to allow for fluctuations, by 
correcting the average quantity according to the thermometer 
and barometer at the time oi observation. Every measure- 
ment made in the sky, except that of bearing or azimuth, 
must be affected by refraction. 

88. The actual amount of the refraction at the horizon is 
above half a degree, which is about the breadth of the sun or 
moon. Hence either of these luminaries is wholly above the 
horizon to the sight, when in reality it is wholly beneath. 
Refraction causes each to rise two minutes earlier, and set 
two minutes later, .than if the rays came straight to the earth. 
As a body ascends the sky, the refraction diminishes rapidly. 
At 10 degrees of height, it is only about the twelfth of a 
degree, or a sixth of the amount at the horizon. Half-way 
up, or at 45 degrees of height, it sinks to 1 minute, or the 
sixtieth of a degree ; so that for the upper half of the hea- 
vens it is but a small quantity. Astronomers, therefore, 
prefer taking observations well up in the sky, when it is 
practicable; for there the whole refraction being small, its 
fluctuations become almost insignificant. 

Parallax. 

89. The influence of refraction is the same in amount for 
all celestial bodies; if a star is found to be bent a certain 
quantity at some one height, the very same bending will 
happen to the sun, moon, and all other objects at that height. 
But the distortion arising from parallax is different upon dif- 
ferent bodies : for the fixed stars it is imperceptible ; for the 
moon it is a very large quantity, much greater than refrac- 
tion ; for the sun it is small ; and for several of the planets 
still smaller. 

90. Parallax arises from the largeness of the earth ; and it 
is the difference caused by viewing the same body from dif- 
ferent sides of the globe. If one observer be situated on one 
place, and another on a place directly opposite in the other 
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hemisphere, they will be nearly 8000 miles apart ; and if both 
look at the same heavenly body, it ought not to appear to. 
both in exactly the same situation. Thus if E be the earth, 
and A and B two stations in 
apposite hemispheres, and if 
the same body C is observed 
from each, and its place noted 
among some very far-off bo- 
dies, the observer at A will 
suppose C to lie at T, and the 
observer at B will suppose it 
to lie at S ; and hence they 
will disagree about its real 
position, unless they make 
allowance for the difference 
between their stations. In 
the same way, another ob- 
servation made between A and B would give a different place 
to the body C ; and in order to prevent the confusion that 
would thus arise, each observation is corrected so as to give 
the place of the body as seen from the earths centre ; which 
alone can be reckoned the true place of the body. Thus when 
the observer at A discovers the object at T, instead of setting 
that down as the real place, he calculates how much T is 
below V, the place seen from the centre, and adds this amount 
to his observed height, and sets down the sum for the true 
height. The amount of TV thus added is called the parallax, 
It may be represented by an arc in the sky, as Tv, or by 
an angle at the body, as TCV, or the opposite and equal 
angle ACE. 

91. The parallax depends upon the actual distance of a 
body from the earth ; nence it reveals to us the great fact, 
that the objects in the starry heavens, although the eye sup- 
poses them equally far off, are really at very unequal distances. 
The vast multitude of the fixed stars seem to have the very 
same position from all sides of the earth, which proved that 
their distance must be enormous ; seeing that two men 8000 
miles apart see them in the same places. But the moon is 
found to have a difference in place equal to four times her own 
breadth, if seen from opposite sides of the earth. This not 
only proves her to be nearer than the fixed stars, but it gives 
us the means of measuring her real distance in miles, as we 
shall afterwards see. 

92. The question of parallax is thus mixed up with the 
l^reat question of the distances of the heavenly boaies ; hence 
it is not tiU all the distances are found, and all the changejs 
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which may happen in any of them are discovered, that the 
real place of a body, as if seen from the earth’s centre, can 
be determined. 

93. The influence of parallax is, like refraction, upon the 
height of bodies ; but its effeo: 
is in the opposite direction to 

X the effect of refraction. It 
makes them always lower than 
they would be if seen from 
the centre of the earth. Thus 
the line ACT is the direction 
of C from A on the surface, 
and ECV the direction from 
* E at the centre, and the ap- 
parent height HT is less than 
* the true height HV. Hence 
in an observation of height, 
^ the amount of the parallax, 
the arc TV, or the angle VCT or ACE, must be added to the 
observed height, after the refraction has been subtracted. 

94. Like refraction, parallax is greatest at the horizon, and 
nothing at the zenith ; oecause the line from the surface and 
the line from the centre coincide, if drawn to the summit of 
the heavens. But the parallax decreases in a fixed proper* 
tion, so that if it is once obtained for one height, it can be 
calculated for every other. Thus if the parallax at the hori- 
zon, called the horizontal parallax^ be discovered, the parallax 
at all heights can be deduced without any new observations. 

96, The same method could be applied to find the parallax 
that has been already described for the refraction. If a body 
in its course pass through the zenith, its true place is known 
without any correction ; and from this we can calculate what 
its true place is a few hours after, when it has descended, and 
come to be affected by the parallax. If we then observe the 
apparent place, it will be lower than the true place as calcu- 
lated, ana the difference would give the parallax, supposing 
we could allow exactly for the refraction. Thus suppose we 
observed the moon in the zenith, and calculated tne time 
when its lower edge would be one degree from the horizon, if 
seen from the centre. Then if on clearing away refraction, 
we find that it appears actually to touch the horizon at the 
time calculated for, we infer that parallax has depressed it a 
degree, or that the horizontal parallax of the moon amounts 
to one degree. But as it so happens that the bodies that 
show parallax are the wandering bodies in the zodiac, which 
keep nearly the course of the sun, these bodies cannot be seen 
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in the zenith, except in the neighbourhood of the earth^s 
equator, or in tropical countries; hence this method could 
not be followed in European observatories, even if it were an 
accurate method, which it scarcely is. The methods actually 
ftsed will be alluded to when we explain the determination of 
distances. 

96. Besides refraction and parallax, there are other correc- 
tions necessary to be applied to astronomical observations. 
There is another kind of parallax in addition to the above, 
and other causes of distortion ; but they are so mixed up with 
the more advanced discoveries of astronomy, that we shall 
defer mentioning them for the present. 

07. Astronomers are able, by refined instruments, and by 
knowing all the requisite corrections, to construct a perfect 
map of the heavens, or to give a catalogue of the stars, with 
their true places calculated in degrees of declination and right 
ascension. With regard to the fixed stars, this need only be 
done once, if it is perfectly done. But the wandering bodies 
must be perpetually observed, and their places written down 
for every day, hour, and minute, until it is discovered by 
what regular law or rule they move, or the precise rate of 
their motion under all circumstances. If this were once dis- 
covered, their places might then be calculated for all future 
times, and observations of them might cease ; since the chief 
thing that we can know about the heavens is, how they will 
appear, and what will be the places of all the bodies, at any 
time that we choose to assign. But it turns out that the com- 
plication of the movements of some of the wandering bodies 
IS so very great, that the daily observation of them must be 
carried on for a long time to come, as well as the calculations 
frem the discovered laws of their motion. Catalogues of the 
stars, and of their exact places, to the number of several 
thousands, have been formed; and the fixed stars are thus 
known marks whereby we may trace the courses of the wan- 
dering bodies. 

98. It is necessary to explain here that the places of the 
wandering bodies are often reckoned with reference to the 
ecliptic, or the sun^s annual circle. As these bodies move 
near the ecliptic, it makes, as it were, a more natural line of 
reference t^n the equator, which they all cross with consi- 
derable obliquity, and depart from to great distances. The 
distance of a planet, or of the moon, from the ecliptic on 
either side, is called its latitude; its place along the ecliptic, 
or round the heavens in the same direction as the ecliptic, 
is called the l(^f[igitude. The longitude is measured irom the 
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vernal equinoctial point, and in the direction of the sun’s 
movement (from west to east), the same as the right ascen- 
sion. Thus let EQ be the celestial 
equator seen edgeways, BS the 
ecliptic cutting it ; and let VT b€ 
drawn at right or equal angles to 
the ecliptic, it will terminate in T, 
Q the pole of the ecliptic^ as P is the 
pole of the equator. Then if C be a 
planet, its place majr be reckoned 
by latitude and longitude thus: — 
Draw a circular arch IromT through 
C to the ecliptic ; CD in degrees is 
the latitude, or distance from the ecliptic; and VD is the 
longitude measured along the ecliptic from the equinoctial 
intersection of March, or the first point of Aries. At the 
spring equinox, the sun has no longitude ; at midsummer he 
has a quarter of a circle, or 90 degrees ; at the autumnal 
equinox he has 180 degrees; at the midwinter solstice, 270 
degrees. His latitude would be always nothing, were it not 
that he has a very slight irregularity of motion, owing to 
which he does not describe a perfect circle in the heavens, 
but goes now to one side and now to the other ; whereas the 
ecliptic is supposed to be a perfect circle, representing the 
average path, or running as nearly as possible in the middle 
of the deviations. These deviations rarely exceed what is 
called a second in circular measurement, or the 3600th of a 
degree. When the moon or any planet crosses the ecliptic, it 
of course has no latitude. 

99. It is not necessary to make separate observations to 
find the latitude and longitude of a body ; they can be cal- 
culated, from the declination and right ascension, by trigo- 
nometry, if the obliquity of the ecliptic be accurately known. 
Or if the latitude and longitude were given, the declination 
and right ascension could be calculated. Of these four quan- 
tities, three are expressed always in degrees (360 to the 
circle); but the right ascension, which is got immediately 
from the time of a body’s passing the meridian, is expressed 
in hours, minutes, and seconds ; 24 hours to the circle. Thus 
if the point of the heavens where the ecliptic and equator 
intersect in the sign Aries, or the vernal equinox, be observed 
to pass the merioian (which would be 0™ 0* on the side* 
real clock), and thei’eafter a planet or star at halfyast two 
on the sidereal clock, the difference in time, 2 hours 30 
minutes, would be stated as the right ascension of the body. 
So 16 hours 15 minutes would be the right £^cension of all 
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^tars on the meridian at 16 hours 15 minutes on the same 
clock ; the sidereal reckoning of hours being carried on to 24, 
instead of making two half days of 12 hours each. 

100. Confusion sometimes arises from the use of the words 
%titude and longitude in celestial measurements, since they 
do not mark the same quantities in the celestial sphere that 
they do in the sphere of the earth. Latitude on the earth 
means distance from the earth^s equator; latitude in the 
hea-vens does not mean distance from the celestial equator, 
which is the earth^s equator extended to the sky : this distance 
is expressed by declination; and celestial latitude means dis- 
tance from the ecliptic, which runs in a different direction 
from the equator of heavens and earth. So longitude on the 
earth is paralleled by right ascension in the heavens. 

101. The reason of &is discrepancy is, that the celestial 
equator is not the most permanent circle of the heavens ; it 
has not the fixed position that the terrestrial equator main- 
tains in the earth ; on the contrary, it shifts its place in the 
course of ages, and divides the starry sphere differently at dif- 
ferent periods. The only circle on the heavens that approaches 
to the permanency of the earth’s equator is the ecliptic, which 
passes through nearly the same line among the stars at all 
times ; and for this reason the terms latitude and longitude, 
expressing on the earth invariable measurements, are used to 
express the least variable of the starry measurements, or 
measurements by the ecliptic. 

102. To avoid the incessant repetition of the term “ celes- 
tial ” before equator/’ when speaking of the equator of the 
heavens, this equator is sometimes called the equinoctial, 
which, without any second word, distinguishes it from the 
equator of the earth. 


GEOMETRICAL ASTRONOMY. 

103. Geometrical or Mathematical Astronomer investigates 
such elements of the heavenly bodies as their distances, 
dimensions, and forms, and the figures of the paths that they 
describe in their movements. In the preliminaiy sketch of 
the heavens already given, we have described merely the 
general and obvious appeai’ances of the starry sphere. But 
we must now consider now these appearances are connected 
with distances, with actual dimensions, and also with the 
position of th| earth whereon we stand. The moon is to our 
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sight a vastly greater object than any of the planets or stars; 
but it remains to be seen whether this is owing to her being 
of much greater real bulk, or to her being nearer to us than 
the others. Again, we cannot help supposing, at first sight^ 
that the earth is at a dead rest in the centre of the universe, 
and that the heavens have a real whirling motion around it ; 
but when we consider that the earth is a detached ball 
hanging in free space like one of the heavenly bodies, it is 
possible that it may be in motion itself, which would very 
mueh alter our views of the heavens. This opens a question 
that must be decided by the observations and reasonings of 
geometrical astronomy. Geometrical Astronomy also paves 
the way for Mechanical Astronomy, or the inquiry into the 
powers or forces that keep up the movements. 

DISTANCES OF THE HEAVENLY BODIES. 

104. The mutual distances of the heavenly bodies, counted 
not merely in circular arches of the sky, but in some lineal 
measure, such as miles, are the very first quantities to be 
determined. Now it is possible to measure the distance 
between two objects without travelling from the one to the 
other. The measurement of inaccessible distances depends 
upon the change in the direction of a remote object, caused by 
moving a certain way to one side. Thus suppose a person at 
B were desirous to nnd how far A is from him : he would 

measure off a distance 
(BC) at right angles to 
a line from B to A, and 
at C he would find, by 
an instrument for tak- 
ing angles, what is the 
extent of the angle made 
by BC and AC. If A were very near, the angle at C would 
be small ; if very far off, it would be great ; and the exact 
amount of the angle fixes the exact distance of A ; for one 
' angle will correspond to only one distance. Thus suppose 
BC were 100 feet, and the angle at B a right angle (or the 
fourth of a circle of angles), and the angle at C hdf a right 
angle, or 45 degrees, then BA would be exactly 100 feet. 
If C were 60 degrees, BA would be about 176 feet ; and for 
every other measure of C there would be some one fixed and 
ascjertainable distance between A and B. The rules of plane 
trigonometry are contrived to execute calculations of this sort. 
When the angle B is a right angle, the angle at A is the 
diffei*ence between B and C, Thus if C wc^e 70 degrees, 
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then A would be 20 de^ees. Now if a certain length, such 
as BC, be known, and if the angle that it has at some remote 
point, such as A, be known, the distance of A from B is a 
determinate quantity which can be calculated. 

• 106. Hence to know the distance of a celestial body from 
the earth, we must choose two terrestrial stations whose dis* 
tance we know, and take the angles at each station. Thus to 
Jind the distance of the moon, an expedition was arranged 
between two French astronomers, Lacaille and Lalande— the 
one to go to the Cape of Good Hope, and the other to Berlin, 
places very wddely apart, and each measured at the same 
instant of absolute time the place of the moon among the 
stars. The displacement occasioned by the distance between 
the two places was thus accurately known ; and being about 
a degree in amount, its measurement could be depended on, 
as it is possible, on good angular instruments, to measure 
within about one second (^nVnth of a degree) of the truth. 
Now the distance between the two places is known from the 
si^e of the earth and their difference of latitude, and is 
between 10,000 and 11,000 miles; and the distance corre^ 
spending to the angle observed, is about 237,000 miles, or 
almost sixty times the half diameter or radius of the earth. 
In the former figure, BC would be, for this case, upwards of 
10,000 miles, and the angle at A one degree, and the distance 
AB 237,000 miles. From the surface of the earth to the 
surface of the moon is equal to about ten circumnavigations 
of the earth. Travelling on a railway day and night, at thirty 
miles an hour, it would take neaidy a year to pass over this 
distance. 

106. By repeating this operation, it would come to be 
known whether this distance is always the same, or whether 
the moon is sometimes nearer and sometimes farther from the 
earth — a thing also essential to be ascertained ; but this fact 
can be determined in a less laborious way, which we shall 
afterwards point out. 

107. When the same device is tried upon the sun, it is 
found to fail ; the difference of the angles at B and C, or the 
angle A, is so excessively small, that the en’ors of observation 
make a large share of it. Instead of a degree, it would be 
oidy about the ^igth part of a degree, and the possible errors 
might create an error of one^fourth of the whole distance ; in 
other words, the distance of the sun so iramenseljr surpasses the 
distant of the moon, that for the same base-hne the distant 
angle is perhaps 400 times less in one case than in the other. 

108. A plan was proposed by an ancient astronomer, Aris- 
tarchus, for Ending the distance of the sun, by comparing it. 
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not with a distance on the earth, but with the distance alreadr 
found between the earth and moon, which, being a much 
larger quantity, the angle to be measured would be larger 
and less affected by the errors of observation. But this has^ 
peculiar difficulties, which make it equally unsafe on the 
whole. Aristarchus himself (having, however, nothing but 
the inide instruments of antiquity) made the attempt, but he 
could find only that the sun was at least 20 times farther off 
than the moon. 

109. The method finally adopted for the distance of the sun, 
was by observations of a transit of Venus across his body. 
In the year 1769, one of these transits took place, and expedi- 
tions were fitted out by the British, French, Bussian, and 
other governments, to observe it from different sides of the 
earth. The expedition of Captain Cook to Otaheite was one 
of them. The line of Venus^s passage across the sun being 
different according to the position of the observer, each ob- 
server had to find this line from his own station — that is, to 
note how far it was from the centre of the sun. Now, as a 
line near the centre would be much longer than a line near 
the edge, the easiest way of determining the length was to 
note the time that Venus took to traverse the sun from each 
place ; this time would give the length of its course upon the 
race of the sun, and the length would give the distance fi*om 
the centre. And the thing ultimately sought was, the breadth 
between the two courses, as seen from opposite sides of the 
earth ; this would correspond to the effect of the breadth of 
the earth at the distance of the sun, and would determine 
that distance, provided the distance of Venus were known. 
Thus if E be the earth, V Venus, and S the sun, the line of 



Venus’s course seen from A will be lower than that seen from 
B, and the distance of the two courses will show the effect of 
the earth’s breadth at the distance of the sun, and will, in 
fact, fix down this distance to a certain ascertainable quan- 
tity, if the distance of V from the earth were otherwise 
known. In short, after all the observations and calculations 
were made, it appeared that the distance of thersun is 23,984 
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times the earth^s radius, or about 95,000,000 of miles. By 
railway travelling at the rate ali*eady supposed, this distance 
would occupy four centuries. The same operation gives the 
horizontal parallax of the sun 8"*6 (8*6 seconds); that is, to 
’ reduce the height of the sun when near the horizon to a 
measurement from the earth^s centre, 8" *6 must be subtracted 
fi'om the observed height. The horizontal parallax of the 
moon is about a degree. 

110. The direct mode of proceeding for the planets Mer- 
cury, Venus, Mars, &c. is the same as that for the moon. 
But at an advanced stage of astronomical discovery, when 
the earth was proved to be in constant motion — in fact, to 
describe a circle round the sun at the distance above ^ven — 
an entirely new base came to be furnished; namely, two 
different stations of the earth in this circle. After the exact 
determination of the sun^s distance, we know how far the 
earth moves in a day, week, or month. If the earth ^oes in 
a circle round the sun at a distance of 96,000,000 of miles, 
the whole circumference or course gone over in the year will 
be about 600,000,000 of miles, and in a month 60,000,000 ; in 
a single day it will move over two hundred times its own 
diameter, so that a day’s motion alone would be an immense 
enlargement of the base-line, or the displacement of the 
spectator. 

111. Suppose, therefore, we wished to find the distance of 
the planet Jupiter. If it were perfectly at rest, or had no 
motion of its own, we should have to observe its place in the 
stars at two different times, say a month apart, and the angu- 
lar difference of the two observations would correspond to the 


angle formed by a month’s track of the earth at the distance 
of Jupiter — that is, \ 

at the first observa- 3 

tion from E, Jupiter, 

G, would seem at A \ ^ 

among the fixed ^ 

stars ; and when the / ^ ^ 

earth had moved to 
E', Jupiter would 

seem to lie at B, ^ ^ 

and the interval AB, or the angle at G, would be the angular 
displacement corresponding to the distance from E to E'; 
and if this distance were a month’s motion of the earth, the 
angle would be so large in the case of any planet, that the 
errors of observation would be trifling, and the distance could 
be ascertained with great accuracy, 

112. Of jourse, if Jupiter has a motion of its own, this 
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must be separately found out from its average course round 
the whole heavens, and allowed for in the above observation. 

113. It is in this way that the distances of all the planets 
have been found, after a great deal of observation under many 
different circumstances. In such questions it is often neces- ‘ 
sary to find a quantity in a rougn way first, and then use 
that to determine a second ; which, being found, will assist 
in correcting the first in a new operation. For example, we 
have seen that, to find the sun^s distance by the most perfect 
method, or the transit of Venus, the distance of Venus itself 
required to be known. But this distance cannot be accurately 
found without using the earth’s motion to give a large base-* 
line ; and again, the length gone over by the earth in a day 
or a week is not known till its distance from the sun is known. 
Hence there must be a long series of trials, beginning at 
imperfect quantities, and comparing them with observations, 
till at last measurements are aiTived at such as to agree with 
all the appearances. 

1 14. After the great revolution in astronomy that we will 
have to explain presently, which proved that the sun is the 
centre of tne motions of all the planets, it was found most 
natural to calculate their distances from him, after ascertain- 
ing the distances from the earth. The distances from the 
sun are nearly always the same, the distances from the earth 
are found very irregular ; for example, the distance of Mars 
from the earth is at some periods four times as great as at 
others; but its distance from the sun is nearly the same 
always, and in so far as it changes, there is a regular uniform 
rate of change. 

115. Hence it is, that after having performed the measure- 
ments of the distances of all the wandering bodies from the 
earth and from one another, the form of stating them is to 
say how far each body is from the sun, which appears to be 
the common centre of their movements through space. Thus 
Mercury, the nearest to the sun, is distant from him nearly 
two^fths of the earth’s distance ; Venus, which comes next, 
nearly three-fourths of the earth’s distance ; the Earth itself 
is third in order from the sun ; Mars succeeds, and is one and 
a-half times the earth’s distance ; after him come the small 
planets discovered within the last fifty years, and not seen 
by the naked eye, which go round nearly all at the same dis- 
tance of about two arid afiaU times that of the earth. After 
them Jupiter succeeds at Jive and afifth times the earth’s 
distance ; Saturn nine and a-half; Uranus nineteen ; and the 
new planet Neptune about twenty-nine^ (See par. 147.) 

116. We thus find that the different bodies ^re movjng, 
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some comparatively near, and some very far away from us ; 
and that besides passing* over the face of the starry heavens, 
tiiiey have other motions that we cannot directly see; they 
may be at one time drawing nearer us, and at another retiring 
•farther into the depths of space. 

117. When the same methods of measurement were 
to the fixed stars, they seemed for a long time to fail, 
observations of any star made from different points of the 
earth^s orbit, though at th^ enormous distance of 200,000,000 
miles apart, ^ave no appreciable displacement or parallax. As 
a parallax of one second (tsW) ^ degree would imply a 
distance equal to 200,000 times that of the sun, and as it was 
certain that a parallax of that amount could be measured if it 
existed, it was inferred that no star was at least within that 
distance. More refined modes of observation have recently 
detected the parallax of several stars, and determined positively 
their distances. In stating these distances, it is convenient to 
take as a standard or unit the distance due to a parallax of one 
second — namely, 200,000 distances of the earth from the sun, 
or 20 millions of millions of miles. The nearest yet measured 
is a fine double star in the southern hemisphere (« Centauri), 
calculated to be a little greater than one such sidereal unit; 
Sirius, the brightest of the fixed stais, is at a distance of about 
four units, requiring upwards of twelve years for the trans- 
mission of its light. 

118. This creates a new distinction between the wandering 
and the fixed stars; the distances between the former, great 
when compared with distances on the earth, become as nothing 
when compared with the vast space that separates them from 
the nearest of the latter. W e have thus an inner celestial system, 
containing the sun, planets, earth, and moon, at enormous 
distances when compared with our daily standards of measure- 
ment ; but floating very closely together in a compact system, 
when we view them along with the celestial universe, whose 
nearest star is inconceivably remote from the most far-ranging 
member of the group. Of the inner world, called the solar 
system^ we have obtained a very complete knowledge ; of the 
outer universe, or the starry system, we know very little, and 
may never know much. What little insight careful observers 
have obtained into the starry system makes a branch by itself, 
distinct from the astronomy of the well -understood solar 
system, and is entitled Sidereal Astronomy. 

FIGURES OF THE HEAVENLY BODIES. 

119. Judging from the round appearance of most of the 
starry bodies, we are naturally led to conclude them to be 
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round balls. If they turn round about, so as to present some- 
times one side, and sometimes another, and s};ill have a 
round outline, they can be no other than round or spherical 
bodies ; for a sphere is the only shape that has a round out- 
line whichever way we turn it. ^ow, as we observe, by ' 
applying* telescopes to the sun and planets, that they really do 
turn round and show different faces, and still appear roundish, 
we conclude with certainty that they have, on the whole, a 
round or spherical fig*ure. 

120. There are, however, two remarkable exceptions to the 
constant roundness of appearance that we have founded this 
inference upon. The moon is constantly chang’ing her visible 
shape ; and she has the full round face only at one part of her 
monthly course. More accurate observation, however, shows 
us that this arises from the moon being* dependent for her 
light upon the sun, and upon our not being ^ways in a posi- 
tion to see the whole of the lightened side. When the moon 
fn is between the earth E and the sun S, her dark side is 

wC 
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turned to the earth, and she is then invisible ; when on the 
other side (and the earth not directly between her and the 
sun), her full lightened side is turned to the earth, and she 
appears a full round body. In other positions, only a part of 
the lightened half is seen from the earth, and she is then hsdf 
light and half dark, or she appears as if she were only a 
section of a circle. The proof that she exists as a round solid 
body, even when not seen as such, may be obtained by watch- 
ing her when she is new moon, or is merely a crooked streak 
oflight. In this situation we may trace a fine ring of light 
round her whole body, showing her to be a circular mass. 

121. The other exception to the usual roundness of appear- 
ance is the planet Saturn, which seems to change its shape 
veiy much. The irregularities were, however, explained by 
Huygens, a Dutch astronomer, who showed that Saturn has 
a round mass like the other planets ; but in addition to the 
central mass, there is a vast nng which whirls round at some 
distance from the body of the planet ; the planet seeming, as 
it were, suspended in the centre of the ring. 

15J2. Thus it appears that the heavenly bodies, so far as we 
can see, have the same round figure that we infer^d our own 
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eartli to have; but when we come to use instruments to 
measure their apparent breadths in different directions across 
their bodies, we find that there is in some of them a slight 
deviation from the perfect circular form. In Jupiter the 
deviation is very remarkable; his greatest breadth exceeds 
his least by about x^th of the whole (or as 107 to 100). In 
Saturn, too, a considerable flattening is observed ; in the other 
planets it also exists, but much less than in these two; in 
the moon it is exceedingly small. But this peculiarity of not 
being perfect spheres, or of being more or less flattened, we 
found to hold in the earth, whose polar diameter is 26 i miles 
shorter than the equatorial, or about ^^uth of the whole. The 
difference of the greatest and least diameters of Venus is almost 
the very same; so that, in strict language, the^aure of the 
bodies composing the solar system is what is called a spheroid 
or flattened sphere ; the degree of flattening being greater in 
some than in others. No figure is discernible in the remote 
stars ; they are simply luminous points, which no telescope is 
able to magnify into a distinct surface, or into what is called 
a disk — that is, a face of some breadth with an outline of 
an assignable figure. 

MAGNITUDES OF THE HEAVENLY BODIES. 

123. Knowing the distances, we can find the real sizes of 
bodies from their apparent size, or from their dimensions taken 
bv an angular instrument. If an object be a mile off, and 
if its breadth make an angle of a degree at that distance, its 
real size is determined by these two quantities. Thus the 
moon being about 237,000 miles from the earth, and having 
an angular breadth in the sky of somewhat more than half a 
degree, its actual breadth must be about two thousand miles. 
The accurate estimate is 2160 miles, rather more than a 
fourth of the diameter of the earth. 

124. The sun has almost the same apparent size in the sky 
as the moon ; but being at about 400 times the distance of the 
moon, he must have 400 times the breadth of the moon to 
appear equally large. In fact the sun^s diameter is 110 times 
that of the earth. 

125. On comparing the apparent breadth of the planet 
Mercury with its distance, we find that it must have a real 
breadth of two-fifths of the diameter Of the earth. Venus is 
almost equal to the earth. Mars is only one-half of the 
breadth of the earth. The planets between Mars and Jupiter 
are very small masses. Jupiter is the largest of all the 
planets; his diameter is llj times that of the earth; Saturn,^ 
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the second in size, times the earth; Uranus 4i times; 
and Neptune 6^ times.* 

126. The solid contents of the various bodies can easily be 
found from their diameters. The cubes of the above numbers 
will give the proportions of the solid contents to the earth.* 
Thus the sun, whose diameter is 110 times the earthy will 
have a bulk more than 1,000,000 of times the bulk of the 
earth ; so that not only is the sun vastly greater than the 
earth, but all the planets put together would be a mere frag- 
ment compared with him. The magnitudes of the remote 
fixed stars must be a still greater mystery than their dis- 
tances ; we can only imagine that they need to be very large, 
and intensely lighted up, to appear at all through such enor- 
mous intervals of space : they must be at least equal to the 
sun, and many of them may be much greater. 

127. In making minute observations upon the bodies of the 
solar system to nnd their magnitude, other irregularities of 
figure are observed besides the flattening above-mentioned. 
Some of them have evidently a mountainous surface like the 
earth. Thus the surface of the moon is seen to be made up of 
mountains and valleys. (See fig.) The heights of some oi the 
mountains have been measured from the shadows that they 
cast when near the edge of the illuminated portion of the 
moon. If the body were a smooth sphere, this inner edge 
would be of a permct circular outline ; its jaggedness shows 
the irregularity of the ground, and enables us to appreciate 
the elevation of the mountains ; the highest of these have 
been calculated at If English miles. Mercury and Venus 
also exhibit traces of a mountainous surface, 

* The following are the diameters of the planets in English miles r — 

The Sun, 882,000 The Earth, 7,912 Saturn, 79,042 

Mercury, 3,140 Mars, 4,189 Uranus, 35,112 

Venus, 7,800 Jupiter, 89,170 Neptune, 50,000 

Some idea may be obtained of the comparative size of the principal 
objects of the solar system, by supposing a globe of two feet diameter, 
placed in the centre of a level plain, to represent the sun ; a grain of 
mustard-seed, placed on the circumference of a circle 164 feet in dia- 
meter, for Mercury; a x>ea, on a circle of 284 feet, for Venus ; another 
pea, on a circle of 430 feet, for the Earth ; a larae pin’s he^ on a 
circle of 654 feet, for Mats ; forty minute grams of sand, in circles of 
from 1000 to 1200 feet, for the asteroids, now (1856) ascertained to be 
of at least that number ; a moderate-sized orange, on a circle of 
nearly half a mile in diamfeter, for Jupiter ; a small orange, on a circle 
of four-fii'ths of a mile in diameter, for Saturn ; a small plum, on a 
circle of a mile and a half in diameter, for Uranus ; and an ordinary 
plum, on a circle of two miles and a half for Neptune. It is calculated 
that the united mass of the whole of the ascertained planets is pot 
aWe a 600th part of the mass of the sun. ^ 
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128. Another peculiarity connected with the measurement 
of size, is the existence of atmospheres. These cannot be seen 
directly, except they be so dense as to give a strong hazy 
outline; but when one body passes over another, as some- 
times happens, the contact of the edges shows if there be any 
substance around the planet to bend the rays of light, in the 
manner already described in reference to the refraction of the 
earth^s atmosphere. When the moon passes over a star, the 



Telescopic appearance of the Moon. 

disappearance of the star would be delayed, and its reappear- 
ance hastened, by a lunar atmosphere ; andf the whole period 
of the occultation, as it is called, would be shortened. But as 
this effect does not happen^ it is concluded that the moon has 
no atmosphere ; and the inference is confirmed by all other 
observations. There is, in fine, no symptom either of air or 
water on her surface. The case is, however, different with 
the planets. Venus has an atmosphere about as dense as the 
earth, and the planets generally appear to have atmospheres ; 
so that there is a possibility, as tar as we can see, of the 
planets being inhabited like the earth. 

BOTATIONS OP THE HEAVENLY BODIES. 

129. The close observation by instruments, which reveals 
such points ^s we have just mentioned, shows also that the 
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bodies of our solar system have generally a whirling motion 
besides their forward courses through the stars. When we 
observe a planet^s surface minutely, we can see that it has 
well-marked features, which we can recognise when we see 
them again. Now, on watching the surface of any of these 
bodies for a length of time, we find it gradually changing; one 
face disappears, and another comes on ; but in the course of 
time the old face returns again, and is succeeded by the same 
series of different faces. It becomes evident that the body is 
constantly rotating, and that the changes that we see arise 
from this motion. By watching the time between two ap- 
pearances of some one notable mark on the surface, we can 
know the time of a complete rotation; and by observing many 
of these, we can see if the whirl is kept up at one steady and 
uniform speed. 

130. Shortly after the invention of the telescope, Galileo 
applied it to examine the surface of the sun. He found that 
there were scattered over the lighted disk large dark spots, 
which sometimes remained for weeks, although none of them 
were entirely peimanent. From the motion of these spots, he 
discovered the rotation of the entire body of the sun, as if on 
an axis; and this rotation has been confirmed by all succeed- 
ing observations, and has been found to occupy 26^ days. 
Considering the bulk of the sun, this would give an extra- 
ordinary speed to the motion of the equatorial surface. Mer- 
cuiy and Venus are so brilliantly lighted up, from their being 
near the sun, that it is not easy to find fixed marks on their 
surfaces ; but from what has been observed, it is concluded 
that they have both a whirling motion, and that a complete 
rotation of each takes about a day. The rotation of Mars is 
very conspicuous ; each turn is made out to occupy 24 hours 
39 minutes 21 seconds. Moreover, in a clear case of rotation, 
the direction of the whirl can be discovered ; it can be seen 
which way the noted points are moving, whether up, down, 
or across ; and this will inform us of the direction of the axis. 
If the spots move directly across our view, the planet spins 
upright ; if they move parallel to the equator of the heavens, 
the axis will point to the celestial poles. In the case of Mars, 
it is seen that the axis is inclined to the ecliptic at an angle 
of 30° 18'. The direction of his motion, as judged from the 
course of the superficial marks, is the great forward direction 
of' west to east. Jupiter has a very rapid whirl ; he accom- 
plishes an entire rotation in 10 hours ; the more remarkable, 
considering his enormous size. Saturn takes 101 hours. All 
the rotations are, as in the case of the daily revolution of our 
own planet, from west to east. 
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131. There is a striking coincidence between the rates of 
whirling as here given, ana the flattening^ previously noticed. 
The bodies that whirl fastest are most flattened; Jupiter has 
the quickest rotation, and the greatest deviation mm the 
circular shape. The moon, on the other hand, whose flatten- 
ing is very small, has a slow rotation, occupying 27^ days in 
each turn* Moreover, the shortest diameter in all cases cor- 
responds to the axis of the motion. The distance from pole 
to pole of each body is smaller than the diameter across the 
axis, as we found to be the case in the earth. This coin- 
cidence of flattening with whirling is something more than a 
mere accident ; the one is proved to be the eflect of the other. 
A body whirled round, if soft in the texture, always becomes 
bulged out in the middle, and shortened between the two 
ends. We are thus taught that the actions that occur in the 
things that we handle on the earth, take place also in the 
great scale of the heavens. A revolving planet loses its 
round shape in the same way as a ball of clay whirled on a 
potter^s wheel. 

132. The next subject of consideration should be the courses 
of the wandering bodies, or the exact paths that they de- 
scribe in their motions round the starry sphere. After know- 
ii^ their distances, and being able to say when they go farther 
off or come nearer us, we are prepared to inquire into the 
actual figure that they trace in their career through space, and 
to see whether they adhere to circles, or to any other regular 
figures. Before measuring their distances, it was quite im- 
possible to lay down their accurate course ; we could not well 
know when they retired deeper into space, or emerged into 
closer neighbourhood. We may observe here that, having 
measured one distance of a planet, or of the sun or moon, and 
observed its apparent breadth at that distance, we can discern 
changes of distance from changes of breadth. Thus the moon's 
breadth is sometimes more and sometimes less than half a 
degree, proving that it is one time nearer us than at another 
time. The breadth of Mars varies from 4 to 18 seconds of a 
degree, showing enormous variations in his distance. When he 
is 4 seconds broad, he must be 41^ times farther off than when 
he is 18 seconds broad. Jupiter also varies from 30 seconds to 
46 seconds. In short, by accurately measuring the breadth 
by fine angular instruments, we can discern at once whether 
the body is farther or nearer than ordinary. We ought, there- 
fore, now to describe what is the actual figures of the tracks 
pone over by these wandering bodies; but it is convenient, 
in the first place, to discuss the great question already started, 
of the Movement of the Earth. Does the earth stand still, a 
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rigid motionless mass, in one fixed spot of universal space, 
as we are apt to imagine it, and as the human race devoutly 
believed for many ages ; or can it be proved that it has mo- 
tions in space like the motions that we plainly observe in 
some of the heavenly bodies ? 

MOVEMENTS OF THE EARTH. 

133. It has been maintained by all astronomers for nearly 
three centuries that the daily revolution of the starry sphere, 
and the annual motion of the sun round the heavens, are not 
real motions, but merely apparent or supposed motions, aris- 
ing from two distinct movements of the earth ; and that the 
great firmament of stars, and the sun, the centre of the plane- 
tary movements, are actually at rest. This view is called the 
Copernican theory of the world, from Copernicus, a Pole, 
who published it in the year 1643. 

134. The movements of the earth are — 1st, Rotation^ that 
is, the body of the earth revolves or whirls round the axis 
that passes between pole and pole in the direction from west 
to east, completing a revolution in 23 hours 56 minutes. 2^?, 
Translation^ which means that the earth, instead of being 
fixed in one spot, moves through space in a wide circle sur- 
rounding the sun, at a distance from him of about 95,000,000 
of miles. Let us consider first the movement of rotation. 

135. It is not easy at first sight to believe that the earth is 
in a constant whirl, carrying us all round and round at a velo- 
city of upwards of 1000 miles an hour at the equator, and about 
600 miles an hour in Great Britain. We have no consciousness 
of being borne round at such a rate. We seem rather to stand 
on a foundation fixed and immovable. But this argument 
from our feelings is insufficient ; for we are always apt to sup- 
pose the place we stand on to be at rest, unless we ourselves 
are mahing some exertions to move or to resist motion. 
Standing on the deck of a ship at full sail, and looking down 
at the water, we suppose it to be rushing past the ship, and the 
ship itself to be at rest. So when riding smoothly in a car- 
riage, and seeing from the window everything passing by, our 
natural disposition is to believe that we ourselves are sitting 
still unmoved, and all outward things rushing past us in a 
constant current. If we are shut up in a veiiicle whose 
motion is perfectly smooth, we cannot tell, from our feelings, 
whether it moves or not; if we see things moving outside, 
we cannot know directly whether they are moving past us, 
or we are moving past them. Such is our case with Sie motion 
of the ejtfth. It goes on in a steady whirl, without stoppages^ 
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or shocks, or any of those joltings that give us the feeling of 
motion ; it canies us quietly round to face every side of the 
heavens, and when we tind ourselves looking now upon one set 
of stars, and shortly afterwards on another, we suppose them to 
•be moving round us, and not we round them. But our own 
motion would have the very same effect as the actual rotation 
of the starry firmament, and it is only by indirect inquiries 
that we can be sure which is the actual motion — whether the 
rotation of the stars from east to west, or the rotation of the 
earth from west to east ; whether the rising of a star in the 
east is a real motion of the star, or an opposite motion on the 
earth which brings us round to face the star. The proofs 
that this great appearance arises from the rotation of the 
earth, and the repose of the stars, are these : — 

136. Istf Although it was natural to the ancients, who 
thought the earth of immense extent, and the heavenly bodies 
small in comparison, to believe that the heavens should sweep 
round the earth, the case is now completely altered, when we 
know that the earth is only equal to a fourth or fifth-rate 
planet ; that it is a mere handful compared with the sun ; and 
in regard to the vast universe, like a single leaf in a forest, or a 
grain of sand on the sea-shore. It is not credible that so insig- 
nificant a body should have such influence over the starry vault 
as to compel it to perform this daily circle, which, considering 
the distances of the stars, would involve a rapidity of motion 
infinitely beyond any motion that we know of, or can imagine. 
If the turning of the earth would cause the same succession of 
appearances, it is at least more likely than the other. 

137. 2dy The irregular wandering of the near bodies in the 
starry sphere, shows that the influence of the earth is not so 
perfect over the objects in her neighbourhood, as we must 
suppose it to be over the immeasurably remote luminaries of 
the sky. 

138. Sdj The earth being proved to be exactly like the other 
planets in most respects — to be a round ball of a size greater 
than some of them, and less than others ; and it being seen 
that the planets all rotate — there is a strong probability that 
the earth also rotates. Venus, who is nearly of the same size 
as the earth, revolves in about a day ; and it is therefore not 
unnatural to suppose that the earth may do the same. 

139. Ath, It is proved that a whirling motion in a body 
that may have once been soft, is sure to make it bulge in the 
middle, and flatten at the ends where the poles lie. This is 
seen in all the planets, and is greatest in those that revolve most 
quickly. Such a flattening exists in the earth ; the earth is 
wicker at the equator than between the poles, as it ought to 
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be if it were a whirling mass. Moreover, the amount of the 
flattening is just about equal to the flattening of Venus, whose 
size and time of revolution nearly agree with the earth. 

140. Let us inquire next into the proofs of the tramlor 

Uon : — Instead of the great sun actually moving round tha 
heavens once a-year, at a distance of 95,000,000 of miles from 
the earth — ^ia other words, describing a circle round the earth 
at that distance — it may be shown that the sun is the fixed 
centre, and that the earth describes the circle round him. The 
celestial appearances would be the same in both cases. If 
the earth shifted from place to place, and moved round the 
sun, we should see the sun appearing to shift his place among 
the stars. Thus if S be the sun, and E the earth, a spectator 
on the earth looking at the 
sun would find him lying 
at A among the stars ; if 
the earth moved round to 
E', the sun would then be 
seen as lying at B, just as ^ 
far round among the stai’s 
in the direction AB, as the 
earth itself is round in its 
coui*se in the opposite direc- 
tion EE'. So that every ^ 
day^s movement of the earth 
would shift the place of the 
sun among the stars ; and A 

the effect of a complete circle ^ 

of the earth round the sun would be to produce a complete 
circle of apparent motion of the sun round among the stars. 
So that the sun^s appearing to move proves nothing : he must 
appear to move exactly as he does, if the earth were in motion 
and he at rest. The proofs that decide which is the moving 
body are these : — 

141. 1st, The sun is so much a larger body than the earth, 
that it is more natural to conceive him compelling the earth to 
move round him, than himself to be moving round the earth. 

142. All the other planets are seen to move in circles 
Tound the sun, and there is nothing about the earth to make 
us suppose that it should differ from the rest. It can be 
proved by measuring and calculating distances, that the 
courses of all the planets are very nearly circles round the 
'Bun, some farther on than the earth, others nearer. 

148. The next proof arises from the retrograde motion 
of the planets, which precisely agrees with the supposition of 
a motaon on the part of the earth. A person stan^ng on the 
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sun, and looking abroad among the planets, would find that 
they all move steadily onwainis in one constant direction from 
west to east, never halting or turning backwards, and scarcely 
ever slackening their speed. But if, instead of looking out 
from the sun, we were to look out from a body itself shifting, 
the real motions of the planets would be confused with the 
motions of the observer, and might even sometimes seem 
opposite to what they really are. If, for example, we on our 
planet were moving onward much faster than another planet 
near us, we would necessarily suppose it going backwards; 
its place among the stars would seem to be retreating ; that is, 
there would be an apparent retro^ade motion, while, in realitjr, 
the planet is moving steadily forward. When the earth, in 
its circular course, comes to turn inwards, instead of running 
parallel to the other, the retrogradation ceases, and the planet 
appears really to be going forwards. But there will always 
be a certain place where the swift motion is so far inclined to 
the direction of the slow, that they seem to be going forward 
at an e<jual pace ; in this case the other planet will seem to 
stand still. Again, when our swift planet is on the other side 
of its circle, going contrary to the slow planet, the latter will 
seem to advance with ^at rapidity through the heavens. 

144. Such irregularities in the appearances of movements 
that are in themselves regular, must arise if the earth be in 
motion. And when the irregularities that we actually observe 
in the planets are compared with the place and motion of the 
earth at the time, we find that they exactly agree. Mercury 
and Venus, which are nearer the sun than the earth, and de- 
scribe their circles more rapidly, are found to have the pre- 
cise retro^radations, stationary periods, and accelerations that 
would arise from the movement of the earth round the sun 
in a circle more distant than theirs. And Mars, Jupiter, 
Saturn, and the other planets whose circles are outside the 
earth’s circle, and which are much slower in their movements, 
are actually made to retrograde at those veiy times when, 
from the swifter motion of the earth, they would necessarily 
do so. And it is very unlikely that the sun would be the 
centre of all the other planetary courses, and be itself moving, 
planets and all, round the earth; although this supposition 
was actually maintained by some astronomers before the final 
acceptance of the doctrines of Copernicus. 

146. This displacement of the heavenly bodies by the motion 
of the earth round the sun is called the tmnual •parallax^ 
which we already alluded to in explaining the method of 
measuring the lar^r celestial distances. And as obseiwations 
made on th^ surmce of the earth have to be converted into 
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observations from the centre, by correcting for the parallax 
arising from the earth^s magnitude, so, after proving the 
movement of the earth, we must reduce observations made upon 
it to observations made from the sun — the only fixed point in 
the system, and the only point that can yield observations thaf 
may be properly compared with one another. The reduction 
to the centre of the earth being called diurnal parallax, the 
reduction to the centre of the earth^s annual movement, or 
the centre of the sun, is called annual parallax. Both quan- 
tities can be easily determined for all bodies if the distances 
be known ; and if either can be found by observation for any 
one body, the distance of that body can be deduced from it. 

146. ith, The most decisive proof that the earth is in motion 
round the fixed sun, arises from what is called the aberration 
of light, or a peculiar displacement of the heavenly bodies, 
owing to the time spent in the passage of light. It was found 
out nearly two centuries ago, that the light of the sun, or of 
the planets, occupies time in passing to the earth. The sun^s 
light requires 8 minutes to reach the earth, which shows it to 
travel at the rate of 192,000 miles a second. Now if the earth 
were perfectly at rest, no particular consequences would hap- 
pen from this ; except that, if a planet were farther off at one 
time than at another, its appearances would be later in reach- 
ing the earth. But if the earth be in motion through the 
showers of rays, the direction of their stroke will be changed, 
and the supposed places of the bodies they come from will be 
changed also. If a shower of rain fall upon a person standing 
still, he will feel exactly the direction that it comes from ; 
but if he is rushing forward, it will strike him in a more 
slanting direction. If formerly it fell downright, it will now 
seem to have a motion slanted towards his breast, and he will 
imagine it to be moving partly downward, and partly from be- 
fore nim in a level direction. If the rain were shot out from any 
particular machine, the machine would seem to the person at 
rest to be overhead ; but to the person in motion it would seem 
to be inclined, so as to strike his face, as well as the crown of 
his head. Now as the earth moves through the showers of 
light, and receives them in this moving state, their stroke is 
not direct according to their own motion, but mixed up with 
the earth^s motion ; and the supposed dii*ection of the bodies 
is ahead of the real one. The stars are thus put out of their 
true places into apparent places ; and the amount of displace- 
ment will depend on the velocity of the earth. If the earth 
moved as fast as light, the displacement from an oblique stroke 
would be half a quadrant. ^But as the motion of the earth is 
only about the ten thousandth part of that of light, the dia- 
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placement becomes very small ; but it is still a measurable quan- 
tity, being about 20 seconds, or of a degree. The manner 
of determining whether such an effect really happens, is to 
compare the places of the same stars, when the earth is at 
opposite sides of its circle. On one side of the circle it moves 
one way in the light-showers, and throws the stars forward 
according to its own motion; on the other side it has an 
opposite course, and throws the same stars before it as it now 
moves — that is, contrary to their former displacement. We 
may therefore see by observation whether the apparent places 
of the stars are really different at an interval oi six months, 
by the exact amount due to this effect. Now it was disco- 
vered last century by Bradley that this displacement actually 
takes place over the starry heavens ; and tne amount of it in 
each case corresponded with the calculation from the two 
motions of light and of the earth. The displacement is greatest 
in stars near the ecliptic (where the earth actually moves, as 
the sun appears to move), and decreases according to the dis- 
tance of tne bodies from the ecliptic. 

147. This great discovery is tne crowning proof of the mo- 
tion of the earth ; for the appearances could not be produced 
in any other way than by the earth describing a vast circle 
round the sun at the distance of 95,000,000 of miles. This is 
also one of the corrections (in addition to refraction and the 
two kinds of parallax) which has to be applied to observations 
in order to obtain the true place of a celestial object. 

THE SOLAR SYSTEM AS A WHOLE — LAWS OF KEPLER. 

148. The establishment of the double motion of the earth — 
the daily whirl and the annual circle — leads us to look upon 
the sun as the ti’ue centre of the solar system, and to distin- 
guish the solar system from the sidereal system, or the wide 
universe of stars. We must now regard the earth as one of 
the wandering bodies, similar to Venus, Mars, and Jupiter, 
and, like them, circling round the great fixed luminary ; and 
when we wish to find out the real tracks gone over by the 
different bodies, we must view them, not as they appear from 
the earth, but as they would appear from the sun. We must 
perform a series of calculations, which will determine where- 
about among the stars each planet is at any time as seen from 
the sun. This is called finding the heliocentric (or sun centre) 
place of a body ; the place from the eaith being the geocentric 
(earth centre) place ; that is to say, if we find the right ascen- 
sion and declination (or latitude and longitude) of Jupiter as 
seen from th| earth, we must calculate by trigonometiy what 
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afe the ri^ht ascension aiid declination of Jupiter as seen fipom 
the sun. So with actual distances. It is necessaiw to find for 
day or hour the distance of eveir one of the planetary 
bodies from the snn, which may be calculated when we find 
the distance from the earth ; also, in reg*ard to the velocity 
their movements, we must find what it would be if noticed 
from the fiated centre of the whole system. It tt^ould be 
unreasonable to expect anything like regular rates of move- 
ment which we might count upon and predict from, except by 
supposing ourselves to look out from the natural centre* 

149. The solar system, according to the modem view, would 
be represented in a figure thus In the centre of the whole 



is the sun, the largest body, and the source of light to all the 
others. In a circle round it, at an average distance of 
87,000j000 of miles, and completing the course in about 88 
days, is the planet Mercuij. In a second circle beyond Mer- 
cury, Venus moves ; its distance 68,000,000 miles, its time of 
revolution about 225 days. Next beyond Venus is the circle 
of the Barth, at a distance of 95,000,000 miles, requiring 
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a petiod of revolution equal to days. Still larger is the 
orbit of Mars; its distance 144,000,000 miles, and period of 
revolution 687 days. Enclosing it are the circles of the small 

J lanets, or Asteroids, as they are frequently termed — Ves^, 
uno, Pallas, Ceres, and thirty-six more, recently discovered — 
ell at nearly the same distance from the sun. Beyond these 
is the wide circle of Jupiter; its distance about 490,000,000 
miles, its period, 4330 days — nearly 12 years. Still more 
remote is the circle of Saturn, the distance being 906,000,000 
miles, the priod round the sun, 10,747 days — about 30 years. 
Next is the circle of Uranus, distant 1,800,000,000 miles, 
traversed in 84 years. Lastly, we have the lately-discovered 
planet Neptune, whose distance is nearly 2,900,000,000 miles, 
and period, 164i years.* 

160. Such is the system of sun and planets ; but several of 
the planets are themselves centres for other bodies, called 
moons or satellites (Lat. satelles, an attendant), which move 
round them, as they themselves move round the sun. (See 
diagram.) Our moon acts this part to the earth. Jupiter 
has four such; Saturn, eight; Uranus, six; Neptune has one 
for certain, the suspicions of a second have not been confirmed. 
These are called the secondary systems. 

151. Having thus attained a view of the true nature of the 
solar system, it is necessary to inquire more particularly into 
the paths and rates of movement of the different bodies, to see 
if any fixed laws prevail, or any regularities that may enable 
us to predict the future from the present. The first discoverer 
of uniform laws among these movements was the celebrated 
Kepler ; and the three great doctrines of nlanetaiy movement 
found out by him are called the “ laws of Kepler.” 

152. A law means a fixed relation between two things, such 
that knowing one is to know the other also. Thus it is a law 
that running water polishes rocks — that is, if we see a moun- 
tain-current, we may know, without looking, that the bed is 
water-worn ; or if we see a track of roUndeu stones, we know 
that water has been running^ over them, althoug-h we may 
never have seen the water itself. By means of a law, one 
observation always discloses at least two facts. When we 

* The following are the signs generally adopted by aatronomers to 
indicate the sun, moon, and m^or planets - 

© O Sun, • J O ^ Moon, Saturn, 
g Mercury, ^ Mars, ^ Herschel of Uranus, 

8 Venus, ' % Jupiter, V Neptune. 

© Earth, » 
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find that the planets are all flattened, according to the rate of 
their whirl, we lay it down as a law that 3ie whirling is 
accompanied by the flattening; so that if we discovered a new 
planet, and saw it to be flattened, we should say at once that 
it revolved on its axis. 

163. Now the laws of Kepler show fixed connections of 
this kind amonff the quantities connected with the planetary 
movements, ana thus increase the knowledge that we derive 
from our actual observations. 

164. The Jirst law is as follows : — The angular velocity of a 
planeVs movement in its circuit is inversely as the square of 
its distance from the sun. 

We have hitherto spoken of the courses of the planets as 
circles, which they are very nearly, but not exactly. When 
their aistances from the sun are calculated for difierent parts 
of their course, these are found to vary; and Kepler has 
stated a law which connects the change of distance with the 
speed of the motion : when the distance increases, the speed 
diminishes; and at the least distance we find the greatest 
speed. The calculation, however, must be made by squaring 
tne distance. Thus if the distance increased from 9 to 10, the 
velocity would diminish at the rate of 100 to 81, If, therefore, 
we know the change of velocity, we will be saved from ohserv^ 
ing — for we can calculate — ^the change of distance. This law 
is called the law of equal areas, because the areas swept over 
W the line joining the sun and planet are equal in equal times. 
Tliis line is termed the Radius Vector. 


165. 2d, The path of the planets round the sun is an ellipse, 
the sun being in one focus. 

The ellipse, or oval, may be compared to a circle, if we sup- 
pose it described round two central points. It is a regular or 
symmetrical figure, and its 

properties and peculiarities F 

were well known to the an- 

cient Greek geometers. Kep- ^ 

ler made a veiy great dis- / / \ 

covery in finding that the / / \ 

track of the planets, although b ( 0 1 j 

not a circle, is yet a simple \ e ^ / 

and well-known figure. It \ J 

is possible from this law, com- X. / 

bined with the first, to predict 

the place of any planet at any 

given time. Thus let BPA be the oval track of the planet, 
S the sun in one of the foci or centres ; then if the whole time 
of revolution be known, and also the shape or pj^oportions of 
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tiie €llipse (which arc determined if we know the Ifingth BA, 
and the distance between the focus and the middle point C, 
called ^^eccentricity'); and supposing^ the planet to start 
from some known place, such as B, it can be calculated 
» exactly where it will be in any given number of hours, days, 
or years ; or, on the other hand, if the place arrived at be 
given, the time of coming there may be calculated. But 
without identifying the figure of the orbit with some known 
and familiar figure, these calculations and predictions would 
have been impossible. 

166. The two first laws refer to the motions of a single 
planet ; the third law shows a relation between the motions of 
all the planets, or all the bodies that revolve round the same 
centre. It is, that the squares of the periodic times of any two 
planets are to each other as the cubes of their mean distances 
from the sun; that is, if there be two planets, and one farther 
off than the other, the near planet will perform its revolution 
quicker than the other, and according to a fixed proportion. 
Thus the periodic times of the earth and Mars are 366f and 
687 days, and their distances as 100 to 162^ ; and by Kepler's 
law the square of 365^ is to the square of 687 as the cube of 
100 to the cube of 152i ; which, on making the calculation, 
will be found to be the case. This law goes still farther to 
shorten the labour of observation, and increase the knowledge 
derivable from what is observed. Thus suppose a new planet 
is discovered, as Uranus by Herschel : by the method of 
annual parallax, or of observed displacement by the earth's 
motion, its distance can be found j and by knowing the dis- 
tance, the time of revolution can be determined, without 
waiting till we see it go actually round the heavens. Uranus 
has not been once round the heavens since its discovery in 
1781 ; but the time that it will occupy in its revolution was 
found out long a^o, and could have been determined inde- 
pendently of its observed rate of motion. If we know well 
the periodic time and the distance for one planet, and if we 
know one of these quantities for any other, the second quan- 
tity is supplied by the above proportion ; and there is no need 
of actual observation to find it. 

167. This third law gives a sort of family relationship to 
all the bodies of the solar system, and shows that though 
they move widely apart from each other, yet their connec- 
tion with a common centre maintains harmonious relations 
throughout the whole. 

158. These three laws, then, are a basis for predicting the 
future courses of the planets, when once certain quantities are 
known respeejting them. 
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l(Sd. But t3i« same laws apply to the secondary systems, 
m the revolutions of satellites about planets. iTie moon, 
if Untoturbed by distant influences, would obey the first two 
laws in its motion round the earth ; its velocity would quicken 
as the square of its distance lessened, and its figure would be 
an ellipse, the earth bein^ in a focus. So the satellites of 
Jupiter follow the same rules ; and, moreover, they exemplify 
the third law — for if the distances of two of them are compared 
with their times of revolution about Jupiter, they show the 
very proportion laid down by Kepler. The same holds of the 
Seven satellites of Saturn. 

160. There is a class of bodies attached to the solar sys- 
tem, and revolving round the sun as their centre, but differing 
Very much from the planets. These are the comets (Latin, 
toma^ a lock or brush of hair). They have in general the 
appearance of an irregular cloudy patch of light, which 
grows stronger towards their centre; and they often send 
out long streaks of haze, which are called tails. They are 
evidently of very 
thin material ; they 
seem to shine by 
their own light, as 
if they were frag- 
ments of the solar 
atmosphere ; but in 
their nearest approach to the sun, they get very much ex- 
panded, and more intensely lighted up. Now these bodies 
we found to obey the same laws as the planets ; they revolve 
in ellipses : but whereas the ellipses of the planets are very 
nearly circles, those of comets are often long and narrow, or 
very eccentric. (See diagram, p. 72). The planets are mostly 
confined within the zodiac, or the neighbourhood of the 
ecliptic ; the comets may be found in all parts of the heavens : 
but still if we fix on any one of them, we find that, except 
for certain disturbances, it is bound by the same laws of dis- 
tance, velocity, and figure of orbit as the planets. These 
comets abound in great numbers, probably to the extent of 
thousands. Several hundreds have been recorded, and some 
of these of enormous size and striking appearance. In the 
days, not long gone by, when celestial appearances were sup- 
posed to indicate the fate and fortunes of the inhabitants of 
the earth, comets were looked upon with terror and alarm. 

161. The solar system, then, consists of the central sun, a 
huge mass with a turning fiery surface, which yields heat and 
light without seeming to decay; a series of pWwwiry planets, 
now seventeen in number — the earth being one| and five of 
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them being* centnes of attendant moons 5 and lastly, an innu« 
merable host of comets, having long eccentric paths, such 
that at one end they go very near the sun, and at the other 
far away out of sight. Besides these, there seems to be a 
mumber of small fragments floating in tne solar system, which 
occasionally descend upon the earui as meteoric stones* 

CONFIGURATIONS OF THE HEAVENLY BODIES. 

162. The various bodies of the solar system, in their appa- 
rent motions through the stars, give rise to peculiar aspects 
and conjunctions, some of which have very great interest. 

163. The most remarkable of these are eclipses, or the appa- 
rent extinction of a body by some other one passing between it 
and the sun. Thus when the moon is on the opposite side of 
the earth from the sun, it sometimes happens that the earth 
is exactly in the way between the sun and the moon j so that 
the moon is deprived of light, or thrown, as it were, into the 
earth’s shadow— in other words, eclipsed, and nearly blotted 
out of the heavens at the very moment of her greatest fulness 
and splendour. These eclipses happen once or twice every 
year. 

164. When the moon is on the same side of the earth as 
the sun (see fig.), she may happen to come straight between 
the sun and the earth, and interrupt the passage of the light 
to 5 ome portion of the earth. The earth is then in the moon’s 



shadow, and we experience the still more grand event of an 
eclipse of the sun ; which, however, is rarely so entire as eclipses 
of the moon. The earth being about four times as broad as 
the moon, its shadow is vastly larger in proportion to the 
moon, than the moon’s shadow in respect 01 the earth ; hence 
the moon suffers the largest and most frequent eclipses. 

165. These eclipses, like all other things about the heavens, 
can be predicted with almost perfect accuracy. It is also 
possible to calculate backwards, so as to find the probable 
date of remarkable eclipses recorded to have happened in anti- 
quity. Thus a great solar eclipse is said to have prevented 
a battle between the Lydians and Medes somewhere about 
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six centuries before Christ; and by calculation it is found 
that an almost total eclipse of the sun (a very rare occurrence) 
happened on the 30th of September, 610 b.o. ; which thus 
settles a great dispute in the dates of ancient history. 

166. The satellites of Jupiter suffer frequent eclipses, from 
the immense body of Jupiter coming between them and the 
sun, or their passing into Jupiter’s shadow. They thus show 
the very curious appearance of being suddenly extinguished 
from the sky, and then in a little coming into view again. 
Some one or other of Jupiter’s satellites are eclipsed almost 
every night, and the times of each can be predicted. 

167. Another effect that sometimes happens is the occulta- 
tion of one body by another ; as when the moon passes over 
a star or planet, and hides it from our view. This is quite 
different from an eclipse, which requires something to lie 
between a planet or satellite and the sun. The great breadth 
of the moon enables it to pass over a considerable number of 
stars every month. 

168. The inferior planets^ as Mercury and Venus are called, 
sometimes cross the sun’s face, on which occasion they may 
be traced by a telescope as a dark speck moving from one 
edge over to another, and then disappearing. These are the 
transits, already alluaed to as of importance in ascertaining 
the sun^s parallax and distance. 

109. In the times when people’s fates and fortunes were 
predicted from the positions of tne planets at the hour of their 
oirth, much stress was put upon conjunctions and oppositions. 
When two bodies are in the same quarter of the heavens, so as 
to be near one another, or have the same longitude^ they are 
said to be in conjunction; when they are half a circle apart in 
longitude, they are in opposition. Astronomers use the sign <5 
to indicate conjunction ; and ^ to indicate opposition. 

THB CALENDAR. 

170. The celestial motions have in all ages furnished the 
standards of time. The daily course of the sun makes our 
day, the revolution of the moon about the earth gives the 
months and the return of the sun to the equinox determines 
the year. 

171. The sidereal day is the only invariable standard of 
time. It is the same in all seasons and in all years. It de- 
pends on the apparent rotation of the stany sphere, which 
arises from the actual rotation of the earth — a perfectly uni- 
form movement. The solar day is not only longer than the 
sidereal day, it is also of unequal length at different times of 
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the year. When the earth is in that portion of its elliptic 
orbit nearest the sun, the sun's apparent movement, by the 
first law of Kepler, is quicker than the average, and its retreat 
among the stars being thus ^eater, the difference between 
its day and a day of the stars is more than four minutes ; in 
the contrary situation the difference is less, or a solar day is 
under twenty-four hours. Hence a day of our clocks is not 
the actual solar day, but the mean or average solar day. 

172. A year, for the purposes of life, must be a complete 
circle of the seasons, called the tropical year ; or it must be 
calculated from equinox to equinox. But owing to the retreat 
of the equinoctial points, this is less than a sidereal year (the 
time of a complete circuit of the sun among the stars) by 
about twenty minutes. Moreover, the tropical year is not 
perfectly constant ; it is now about 4 seconas shorter than it 
was two thousand years ago. Its accurate length is 365 days 
6 hours 48 minutes 49*7 seconds. 

173. It is desii’able to commence the year at the beginning 
of a day, or at midnight; which, however, cannot be done 
without going wrong a few hours every year. To correct 
this error is the purpose of the calendar. The first correction 
that was made was introduced by Julius Csesar, and called the 
“Julian Calendar namely, to add a day to every fourth year 
(leap year), so as to make up for the surplus fraction aoove 
366 days. If this surplus were exactly 6 hours, no more 
would oe needed ; but being less than 6 hours, the addition of 
a day to leap year is too much; and the consequence, in 
the course of 1600 years, was an error of 10 days. This 
was remedied under Pope Gregory XlII., who introduced 
the new correction of omitting to add the 366th day on 
the leap year that begins a century ; that is, every twenty- 
fifth leap year is to be a common year of 365 days. The 
error that had accumulated since Julius Caesar was cor- 
rected by striking out 10 days out of the month of October 
1682 (passing from the 4th to the 15th in one day). This 
made what is called “new style;” and the reckoning, with 
the above additional correction, is called the “ Gregorian 
Calendar.” New style was introduced into England in 1752. 
Before that date the year commenced on the 26th of March ; 
but instead of suffering the year 1751 to run on till March, 
it was cut off before the end of December (to omit the accu- 
mulated error), and 1762 was commenced, the first day being 
called the 1st of January. 
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174. Not long j^fter Kepler had made those remarkable dis-* 
coveries, which completed the view of the regular courses and 
periods of the celestial motions ; the causes of the motions, or 
the powers and forces whereby they are sustained, were also 
discovered by Sir Isaac Newton. He was the first to show 
that the vast planetanr balls whirl about their own centres, 
and fly througn the celestial spaces, on exactly the same prin- 
ciples as a cannon ball or a stone thrown into the air. The 
mechanical forces that we are familiar with on the earth, are 
the forces that carry on all the movements of the solar system. 
But it is possible to calculate by mechanical principles how 
far a cannon ball will fly under a certain stroke — what figure 
it will describe — what will be its rate of movement — ana in 
what place it will be at anv given instant. And Newton 
found that the very same calculations could be applied to a 
celestial ball. If we knew its speed at any one moment, the 
direction of its course, and its distance from the central body, 
we might find, according to the regular rates of moving 
bodies, where it would be at any future moment. This is 
to make the predictions of the neavenly bodies a mechanical 
question. A planet circling round the sun is considered as 
similar to a stone at the end of a sling, or a mass of matter 
on the rim of a wheel ; that is, it is supposed to be sustained 
between two forces—one holding it in towards a centre (cen- 
tripetal force), the other urging it to fly off at a tangent (cen- 
tnfagal force). 

175. The principles of celestial mechanics, therefore, are 
the principles of motion discovered from the observation of 
bodies on the earth ; they are the three Laws of Motion and 
the doctrines of the Composition of Forces, as illustrated under 
Matter and Motion (vol. i.), and the doctrine of Universal 
Gravitation. 

176. The fall of unsupported bodies to the earth is the most 
familiar action in nature. But it is not two centuries since 
Newton discovered that this action extends to the moon, the 
sun, and the planets. He proved that the moon is constantly 
falling towards the earth, and would fall in to i|, but for 
another motion she has, which is always carrying her off, 
and would of itself shoot her far away into space in a straight 
course ; so that her actual circuit is the balance of two forces 
— one her weight, or gravity, towards the earth, the other an 
undying impmse to fly off at a tangent, like a whirled stone 
when the sling is let go. 



MECHANICAL OR PHYSICAL ASTRONOMY. 


81 


177. It was through the application partly of the laws of 
motion, and partly of Kepler’s laws, that Newton established 
the universal prevalence of gravity. It being once found that 
the planetary motions could be kept up by a combination of 
forces ; that is, by a force that projected the body once for 
all into free space with a great velocity, which, by the first 
law of motion, would be always kept up, whether it went off 
straight through space, or were compelled to go round a 

circle — and some second force to 
hold it in that circle; the great 
question arose, What is the cen- 
tral force — what power is it that 
causes the moon to fall towards 
the earth, instead of running off ; 
and in like manner obliges the 
planets, with their immense speed, 
to keep constantly falling towards 
the sun? A planet P, if not held 
in by some tie, w^ould fly off along PA, instead of being always 
carried round the sun S. 

178. Newton proved by mathematical reasoning, from the 
Jirst law of Kepler, that the deflecting force points exactly 

to the sun, and is therefore likely to be lodged in his body. 
From Kepler’s second and third laws, he proved that the force 
is inversely as the square of the distance. And finally, he 
showed that the deflection of the moon from a straight line 
is exactly equal to the fall of a stone, if it were at the distance 
of the moon. The moon being 60 times farther off from the 
earth’s centre than we are, gravity is there 3600 times weaker ; 
so that the speed acquired by a stone falling one second on 
the earth, would be acquired only by falling an hour at the 
height of the moon. And it can be easily proved by calcu- 
lation that the falling action of the moon is, in an hour, 
exactly that of a stone in a second. It being thus shown that 
the moon is deflected by gravity, it was then concluded that 
the planets are deflected to the sun by the same cause ; or that 
gravity is the great central force throughout the solar system. 

179. Newton also showed that gravity is a mutual action ; 
or that it is not the moon falling to the earth, but the earth 
and moon moving towards each other. If the two were 
equal, they would approach at an equal rate ; but the earth 
being the largest, its approach to the moon is by so much 
slower than the moon’s approach to it. The consequence is, 
that in the revolution of the moon, the centre is, not the earth’s 
centre, but the centre of gravity of the earth and the moon, 
or that point ^between them where they would be equally 

F 
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balanced on a lever; ao the sun, bein^ attracted by all the 
planets, is not at rest, but is drawn about hither and thither ; 
nis enormous size preventing him from being moved very 
fer. The centre of gravity of the solar system is not in the 
sun^B centre, but near his surface. * 

180. After thus identifying the mechanical causes of the 
planetary motions, Newton deduced all the laws of Kepler 
from the combination of the two great forces of Gravita- 
tion and Straight Impulse. In this way he found that these 
laws are not strictly true as given by Kepler, and that there- 
fore the prediction of the places from them could not be per- 
fectly accurate. Not only was the sun’s centre not the true 
focus of the ellipse, but he showed that not one of the paths 
is an exact ellipse or a perfect oval. If there were only 
one planet to the sun, that planet would describe a perfect 
ellipse ; for it can be proved that if a body is projected in free 
s^ace, under the action of the sun’s ^avity, it must move 
i\ ind the sun, either in a circle, an ellipse, or in one of the 
other figures of the conic sections (the parabola and hyper- 
bola' , nd Kepler’s laws will be strictly true, taking the 
centre of gravity a® the centre of the motion. But if a second 
planet is introduced, this planet is not only attracted by the 
sun (and the sun attracted by it), but there is an attraction 
between it and the first planet which disturbs the motion of 
both; neither of them can in this case move in an exact 
ellipse. The more planets there are, the greater the mutual 
action, and the more they are liable to be disturbed in thei^ 
elliptic courses. 

181. In like manner, if the moon and the earth were 
alone in the universe, the moon would go round the com- 
mon centre of gravity of the two in a perfect ellipse ; but as 
both move round the sun, and he acts upon both, very great 
deviations take place from the elliptic orbit ; in fact the 
application of Kepler’s two first laws to the moon could never 
predict her place with anything like accuracy. The case is 
still worse with the satellites of J upiter, w^hich disturb one 
another, besides suffering disturbance from the attraction 
of the sun. 

182. But the same discoveries that show the defects of 
Kepler’s laws, give the means of correcting those defects, or 
of calculating the disturbing influences, so as to predict what 
the real motions will be under those disturbances. The whole 
series of these calculations make up the body of mechanical or 
physical astronomy. They require a constant use of the most 
intricate mathematical investigations, in consequence of the 
extreme complexity of the cases. All that we can do here is, 
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to State the manner in which the disturbing forces act, and 
the general consequences that arise from them. 

MASSES OF THE HEAVENLY BODIES. 

183. Under geometrical astronomy, we found it possible to 
measure the bulks of the bodies of the solar system ; but we 
had no means of ascertaining their masseSy which requires the 
bulk and density both to be known. But the theory of uni- 
versal gravitation gives the means of supplying this particular, 
for the gravitating or attractive power of each body is as its 
entire mass ; and if we can compare the attractive influences 
of two bodies, we can ascertain their relative quantities of 
matter. In the case of the moon revolving about the earth, 
or about the common centre of the two, if we could find how 
far each is from this centre, we could know the proportion of 
their weights as if they were weighed on a steelyara. Again, 
when a planet has a satellite, like the earth or Jupiter, the 
mass of the planet can be compared with the mass oi the an, 
by comparing the deflecting forces of the two, and allowing 
for the diffeivnce of distance. Thus the fall t the earth 
towards the sun in an hour, can be compared with the fall of 
the moon to the earth in an hour ; and the two quantities 
multiplied by the squares of the two distances, will give the 
proportion between the mass of the sun and the mass of the 
earth, which is about 356,000 to 1. When we remember that 
the hulk of the sun exceeds that of the earth more than a 
million of times, we see that the matter of the sun is much 
lighter than the material of the earth. In the same way 
Jupiter's mass is found to be 340 times the earth, Saturn 
about 100 times the earth, Uranus 20 times. These bodies 
appear to be made of very much lighter material than our 
globe. The moon is gV^th of the earth. 

184. When planets have no satellites, their mutual disturb- 
ing power must be calculated. Thus Mercury and Venus 
disturb one another's regulai* elliptic motion, ana the amount 
of deviation of the one due to the action of the other shows 
the gravitating ener^ of each, or its mass. As we compare 
masses on the earth by their weights or gravities, so we com- 
pare the celestial masses by their attractive energy, making 
allowance for the effect of distance. In this way it is found 
that Venus is ^'’^ths of the earth, being nearly equal to it in 
this as in other respects. Mercury is ^th of the earth, and 
by comparing this with its dimensions, it appears to be the 
densest body in the solar system. 

185. The intoes tiie nine small planets have not been well 
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ascertained. The masses of the comets are entirely inappre- 
ciable, inasmuch as they have never been observed to exercise 
any disturbing influence upon the planets, even when passing 
very near them. It must therefore be inferred that tney ar^ 
made up of excessively light and thin material. 

186. To And the actual density or specific gravity of the 
different bodies of the solar system, and compare it with a 
fixed standard, such as water, it is necessary to know the 
average density of the whole earth. This has been sought 
by comparing the attraction of some known body with the 
attraction of the globe, which last is the same as the weight 
of any substance. Thus Dr Maskelyne attempted to cal- 
culate the attraction of a mountain in Perthshire, by finding 
how far it made a plumb-line to deviate from the perpen- 
dicular. In this experiment the plumb-ball was supposed to 
be attracted downwards by the general mass of the earth, and 
sideways by the mountain; and the direction that it actu- 
ally hung would therefore be between the two — partly down 
to the earth’s centre, partly aside towards the body of the 
mountain ; and the amount of its inclination to each would 
be the measure of their relative gravities. It could thus be 
seen how many times the whole earth surpassed the moun- 
tain in gravitating force. And if the mountain itself were 
measured, and its composition ascertained, so as to give the 
density of its rocky material, the entire mass of the moun- 
tain would be obtainecL and from that the entire mass of the 
earth. The result of this experiment was, that the earth 
is, on an average, 6^ times denser than water, or more than 
twice the density of granite or sandstone rock. Another 
experiment, of a different kind, gave the same determination. 
From this we can estimate the densities of the sun, moon, 
planets, and satellites. 

THE FIGURES OF THE HEAVENLY BODIES, VIEWED ON MECHANICAL 

- PRINCIPLES. 

187. It is convenient to follow the same order in mechanical 
as in geometrical astronomy; to consider first the figures of 
the bodies themselves, and next the paths of their motions 
through space. 

188. It has already been seen that the sun and planets are, 
in general, round masses, with a slight flattening, which 
seems to be connected with the rapidity of their whin. Now 
both the general roundness and the flattening can be shown 
to arise from ordinaiy mechanical laws, such as we see ope- 
rating on the earth, provided we suppose tlMit the planets 
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were at one time soft fluid masses. If a fluid mass of attract- 
iu^g particles are left to themselves— that is, if there be no 
external compulsion, either attraction or pressure — they will 
always assume the round shape. Thus the drops of rain, and 
Kquia drops in ^neral, are nearly round ; and they would be 
perfectly so if tney were in free space, out of the reach of 
attracting bodies. On the same principle, a soft planetary 
mass, or a liquid satellite, would, by its own gravity, cohere 
into a round ball ; so that the geometrical observation agrees 
exactly with the mechanical theoiy. 

189. In the second place, the JUittening is the consequence 
of the round balls being made to whirl, instead of remaining 
at rest. When a body is whirled, the matter at the surface 
acquires a tendency to fly off, so as to oppose the general 
attraction towards the centre. If the whirled body is soft or 
liquid, it cannot remain at rest, or in equilibnum, in its round 
form, inasmuch as the matter at the equator is rendered 
lighter by its centrifugal tendency, and is not a sufficient 
balance for the matter at the poles. To restore the balance, 
there must be a greater depth from the equator to the centre 
than from the poles to the centre ; in other words, the equa- 
torial width must exceed the polar width, which is what we 
actually find in all the revolving bodies. So that whereas a 
sphere is the stable form of a coherent mass at rest: a spheroid, 
or a flattened sphere, is the only stable form oi a mass in 
rotation. It is the only form wherein the parts are so 
fairly balanced as to have no tendency to move out of their 
places ; and the more rapid the whirl, the more is the equato- 
rial portion lightened, and the higher it must rise, to compen- 
sate by quantity its loss of we^ht, and to sustain the pressure 
from the poles, which is not affected by the whirling motion. 

190. Thus in the figure, let Pp be the axis which the planet 
whirls roimd ; then the matter towards E and Q, by ac- 

quiring a tendency to fly offi presses 
less towards the centre than the 
matter about P and », the poles : 
X \ suppose a bent tube PCQ, having 

j \ two connected columns mutually 

15 j ^ ■ — |q supporting one another ; if the por- 

l j tion CQ is made lighter, it must 

Y / rise so much h^her, to be equal 

y to the column CP, and to keep up 
the balance of the two. And what 
happens thus in any single column 
happens over the whole : a shorter mass from the pole to the 
centre sufficesi to balance a deeper mass from the equator to 
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the centre ; the difference being the greater as the eqtiatoried 
mass is lightened by increase of potatory speed. ^ 

191. That the matter on the equatorial regions of a planet 
^avitates less than at the poles, as proved by experiments on 
me earth. Bodies are found to weigh less in tropical countrie% 
than in high latitudes. The fall of a stone is less rapid, and 
the swing of a pendulum is slower ; all showing a diminished 
gravity. 


THE TIDES. 

192. The tides are those regular movements of the sea 
whereby it rises and falls on its shores about twice a-day. 
They may be regarded as a slight disturbance of the figure of 
the earth. The methods of calculating them are similar to 
the investigations of the general question of the figure; hence 
they are regarded as a portion of the same subject. 

193. It was observed before the time of Newton that the 
tides have some relation to the moon ; that they rise highest 
about new and full moon, and least when the moon is in her 
quarters, or half full. But it was Newton who first showed 
tnem to be one of the many consequences of universal gravi- 
tation. In fact they are a perpetual disturbance of the 
liquid surface of the earth by tne moon and the sun. It was 
stated above that a coherent body becomes perfectly round 
only if left free from external action. If there is an attraction 
on one side, the matter will be unduly drawn to that side, and 
the round figure will be disturbed. Thus if the moon had 
always stood over one place of the earth when it was in a soft 
state, the earth, ipsteaa of becoming round, would have been 
drawn out into an elongated mass, the long side being in the 
direction of the moon. If the moon stood still now, the liquid 
of the earth, or the general ocean, would be drawn more to 
some parts than others, and would remain permanently in 
that unequal state. But as the moon is continually shitting 
its position, partly by its daily and partly by its monthly 
motion, or partly by the earth^s rotation and partly by the 
moon’s monthly revolution, the water, as acted on by the 
lunar attraction, cannot always hold one position, but must 
shift as the moon shifts, and must run a course every lunar 
day — that is, between two returns of the moon to the meri- 
dian. This continual shifting keeps the water perpetually 
moving. 

194. The constant tendency of the moon is to elevate the 
waters on the side of the earth that faces her for the time, 
and also on the side directly opposite to this ; whence it fol- 
lows that OB all other parts they will be lowered* Its action 
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28 to draw the earth out, or make it longer towards the moon, 
and narrower in the cross direction. Thus in the fi^re, let 
M he the moon, and the larger circle the eai'th ; the moon’s 


© 


action tends to keep^ up the water around B and around A, and 
to dmn it oiF from the cross belt DEGF : it is not content with 
acting on the near side, so as to draw up the waters under 
itself, it disturbs the whole figure of the e^th from one end 
to the other. This disturbance arises from its attraction being 
greater at the near surface than at the far, according to the 
law of gravitation ; it attracts B at the near surface more 
than C at the centre, and for that reason raises B above its 
usual level ; but it also attracts C at the centre more than A 
at the far surface, and therefore draws C awav from A, or 
leaves A in some measure behind the centre, which causes it 
to rise likewise. If the moon’s gravity acted equally on all 
parts of the earth, there would be no disturbance of the round 
figure, and no tides ; but the inequality produces that general 
elongation which leaves the farth.est-off parts as far behind 
the centre, as it draws the near parts before the centre; and 
the eifect on both sides is the same — there is a diminished 
pressure and a rise of level at each, and the cross belt extend- 
ing round between the two is so much depressed. By calcu- 
lating this eftect of the moon from her mass and her distance, 
it is found that she would sustain the water on the two ends 
iwe feet higher than the water on the transverse belt 

196. The sun is also capable of exerting a disturbing action 
of the same kind; but weaker than the moon’s, in conse- 
quence of his immense distance, which more than takes o£P for 
ue effect of his mass. By his attraction he raises the water 
about tvio feet. 

196. But in the course of 6 hours the moon is a quarter 
round the earth, and at the end of that time she is drawing 
up the waters over the very places that she drew them away 
from at the beginning of it ; thus reyersing the process, and 
making whali was mgh low, and what was low high. In 
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Other 6 hours and a few minutes, she is over another quarter, 
and produces the same effects as she caused about 12 hours 
before: in the next half day she g^oes through the same 
changes, and in a whole lunar day she has caused two high 
tides and two low tides all over the earth. A lunar day is, oif 
an average, 24 hours 64 minutes ; so that the time from high- 
water to high-water again will be nearly 12 J hours; and in 
general the tides will seem to happen about an hour later 
every successive day. 

197. But although the moon is the chief influence in ruling 
the tide, we must always allow for the sun's action. The sun 
may be supposed to make a tide of his own, of which there 
will be two every solar day. If this coincide with the moon's 
tide, the latter will be so much higher; it will be about 7 feet 
instead of 5: if the sun's tide is cross to the moon's, the latter 
(which will be the tide nevertheless) will be so much lower ; 
it will be only about 3 feet. When the sun and moon are in 
conjunction, which happens at new moon, they will act in 
the same direction, and produce the combined tide, which is 
called the spring -tide. When they are in opposite sides of 
the earth, or at full moon, their tides will also conspire, and 
yield a spring-tide. At all other positions they will act in 
different directions; and when the moon is in her quarters 
the opposition will be greatest, and the tides will be least, or 
what is called neap-tide. But it is a general rule in all actions 
that require time, that the greatest effect does not happen till 
some time after the period of the greatest energy of the cause. 
Thus the greatest heat of the day is not at twelve o'clock, but 
between one and two. So high-water does not happen when 
the moon is in the meridian (or most directly over tne place), 
but some time after ; and in like manner spring-tides occur 
a day or two after new and full moon, and neap-tides after 
the moon has passed her quarters. 

198. Tides are necessarily affected by the declinations of 
the sun or moon, or their distance from the equator. When 
the moon is in the celestial equator, she is directly opposite 
to the earth's equator, and the centre or extreme height of 
the tide will be on the equator. But if she has 6 degrees of 
north declination, she will be opposite to a place at 6 de^es 
of north latitude, and on this parallel will the centre of the 
tide lie, and at the equator the height will be somewhat less ; 
so that the heights ox the tide in any one place will vary as the 
sun and moon change their declinations, and put that place 
nearer or farther from the centre of the elevated water. More- 
over, the coincidence of the sun and moon is not perfect, 
unless they have equal declinations, so that spmng-tiaes will 
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themselves vary from month to month. When the sun 
and moon are so directly in a line with the earth as to make 
an eclipse, we have then the best possible combination for 
making a high tide. Allowing for the variation in declina- 
tions, the highest spring-tide will be to the lowest neap-tide 
as 10 to 3. 

199. In particular places, the tide is very much affected by 
the nature of the coast, or the bed where it runs. If the water 
run into a channel which grows gradually narrower, it rises 
to a much greater height than the average. At Bristol the 
difference between low and high water is sometimes fifty feet. 
Tides are most regular in the great oceans, as in the Pacific, 
In the Mediterranean they are almost imperceptible, from its 
being so much isolated from the great seas, that the interval 
between low and high water is too short to allow the effect 
to be produced. 

200. The atmosphere is subject to tides as well as the sea, 
which are made sensible by daily fluctuations of the baro- 
meter. (See Meteorology.) 


PERTURBATIONS OF THE MOTIONS OF THE HEAVENLY BODIES. 

201. We have seen that the planets (including the earth) 
and their satellites have all two motions — a motion in an orbit, 
and a motion of rotation about an axis. These motions have 
both a mechanical explanation; the irregularities that they 
are subject to have also a mechanical explanation ; and some 
of them even owe their first discoveiy to the following out 
of the mechanical laws and the theory of gravitation to all 
their consequences. 

The Orbits and their Perturbations. 

202. Bv mechanical reasoning, Newton showed that the 
planets, if undisturbed, would move in exact ellipses, and could 
be exactly calculated from the laws of Kepler ; but in conse- 
quence of their mutual action they deviate from ellipses in 
many respects, and therefore cannot be predicted, unfess the 
deviations are calculated by taking accurately into account 
the forces that produce them. Now to compute the effects of 
certain given forces is exactly a mechanical problem. 

203. In studying the perturbations, astronomers first sup- 
pose the case of one body revolving about a second, and dis- 
turbed in its regular orbit by a third ; this is what is called 
the prollem of me three bodies. If the disturbing effect of 
each separate cause can be ascertained, it is easy to combine 
them so as to find the whole disturbance acting in any one 
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case* In the case of the moon, to ns one of the most impor- 
tant bodies of the system, the main disturbing element is the 
sun ; and we have to supj^se the moon describing an elliptic 
orbit about the earth, which is pernetually altered by the 
action of the sun ; so that the actual case is a case of three 
bodies. 

204. In fixing the exact position and movements of any 
body, there are certain quantities that have to be accurately 
determined. These are called the elements of the body's orbit ; 
and so long as it adheres to a perfect elliptical form, these are 
unaltered ; but the smallest deviation will occasion a change 
in some one or more of them. 

206. The elements of a planet's orbit are — 

\st^ The mean distance^ which is the same as half the longer 
axis of the orbit. 

^dy The •periodic timCy or the duration of a complete revo- 
lution. 

2idy The eccentricityy which determines the proportion of 
the length of the orbit to its breadth, or the shape of the 
ellipse. 

4thy The inclination of the orbit to some standard plane, 
such as the ecliptic. The plane of the orbit may sway back- 
wards and forwards, so as to lie differently among the stars at 
different times. 

bthy The plme of the nodes ; that is, the line of intersection 
of the plane of the orbit with the plane of the ecliptic. The 
inclination of the two planes may remain the same, and yet 
the one may so turn round on the other, that the line where 
they cut may lie sometimes one way, sometimes another. •To 
fix this element, therefore, it is necessary to state the longi- 
tude of one of the nodes, or intersecting points. What is 
called the ascending node is chosen for this purpose ; which 
means the intersection that the planet passes through in 
going from the south to the north side of tne ecliptic. Since 
ml over Europe, and most of the civilised part of the ^lobe, 
the north pole of the heavens is above the horizon, it has 
become the practice to call the north side of the ecliptic or 
equinoctial upy and the south side down; as in maps, the 
head of the map is always the north. The passage of a planet 
from south to noith is called, therefore, its ascending passage ; 
aild the distance on the ecliptic between this point and the 
vernal equinox is called the longitude of the node. Thus the 
longitude of Mercury's node at the beginning of this century 
was 46 degrees bl\ minutes. 

The direction of the orbit; that is, the direction of the 
longer axis. If the centre of movement be fixed, at will make 
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a great difference in the place of the planet whether its ellipse 
runs out into one direction or into the opposite. This is settled 
hv assigning the longitude of the point of the orbit nearest to 
tne central body — caQed, in the case of a planet, perihelion; 
in the case of the moon, the perigee; in the case of the satellites 
of Jupiter, the perijove. Thus the longitude of Mercury’s 
perihelion at the beginning of the century was 74 degrees 21 
minutes 47 seconds. 

200. These six are the permanent elements of the body’s 
revolution in its orbit. If these are all known, and if tluMr 
rate of change in consequence of disturbance is known, it is 
only necessary to state whereabouts in its orbit a body was 
at some one time, to calculate where it will be at any future 
time. And it is our finding that some one of these six quan- 
tities is changed that is the proof of a disturbing action ; for 
in the case of two bodies alone, one revolving around the other, 
none of the six would ever vary. A disturbing body is some- 
times placed #0 as to affect one or two of them, and not the 
others ; and the main point to be attended to in each case of 
perturbation, is to apply the doctrine of the resolution of 
forces, so as to find the effect upon each of the elements that 
are affected. Thus the effect of the sun on the moon is some- 
times to increase her mean distance, and thereby increase her 
time of revolution (which are connected by Kepler’s third 
law) ; at other times the opposite of this : again, it affects the 
eccentricity or shape of the orbit ; it is almost always altering 
the inclination of the orbit either one way or other ; the nodes 
are constantly shifted by its action, and the line of section of 
the orbit is made to wheel round steadily. In like manner 
the direction of the orbit is under continual disturbance. 

207. The intricacy of the calculation of all these changes 
is owing to the constant variation of the disturbing force. 
If the disturbing body is approaching nearer, or going farther 
off, its action will be increasing or diminishing ; so the direc- 
tion wherein it acts is perpetually altering, from the move- 
ments of one or other of the bodies concerned. Now it is 
exceedingly difficult to calculate a week or a year’s effect of a 
force that has been altering in its intensity every hour and 
minute, and also acting in varying directions. 

208. The bodies that are least disturbed are the planets; 
next to these are the satellites ; and the most disturbed of all 
are the comets. 

Disturbances of the Orbits of the Planets. 

<i09. The planets have certain peculiarities in their orbits, 
which save them from great disturbances. In the first place, 
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their eccentricities are very small— in fact, their orbits ap- 
proach closely to circles; and this, by keeping them at an 
almost uniform distance from the sun, prevents their close 
encounter with one another, and nearly takes away the occa- 
sion of two classes of disturbances ; namely, that of the eccen- 
tricity and that of the direction of the orbit. In the next 
place, they are nearly all in one plane, or they have no great 
inclinations to one another ; whereby they have the less ten- 
dency to alter each other’s inclinations. Of course if they 
were all exactly in one plane, as if they were rolling round 
over one wide level surface, their mutual attractions would 
never draw them out of that plane, or alter the way that their 
orbits lie among the stars. Being, however, in different 
planes, their disturbance in this matter is the less, from the 
inclinations being small. 

210. A planet is most disturbed if it happen to have another 
planet as a close neighbour, and if that neighbour be large. 
But the immense preponderance of the sun prevents any 
planet from effecting a very great disturbance on another; 
Decause the action of the largest of the planets is trifling 
compared with the action of the sun, which keeps up the 
regular movement in an elliptic orbit. The perturbations 
that do occur are, moreover, periodical — that is, they go 
through regular courses, and at the end of a given period 
leave the elements as they were at the beginning. When 
these periods are very long, or extend to centuries, the per- 
turbations are called secular. Taking the different elements 
of their orbits in order, we find in the case of the planets, first, 
that the mean distance and periodic time remain invariable, 
so that a planet’s year is not shortened or lengthened, and it 
makes no progress in the way of falling into the sun, or going 
off into a wider orbit. N ext in order of stability are the eccen- 
tricities and inclinations ; and the variations of these never 
Accumulate beyond a certain amount ; that is, they go on so 
far increasing, and then begin to diminish, and keep up a 
constant average on the whole. There are greater variations 
in the direction of the line of intersection, or the place of the 
nodes, and also in the direction of the orbit, or the place of 
the perihelion ; these have a slow steady revolution, so that in 
the course of centuries they describe the entire circle of the 
heavens. 

211. When very long periods are taken, a remarkable com- 
pensation arises in the mutual disturbance of two neighbour- 
ing planets. There is a peculiar case of this balancing known 
by tne name of inequalities of long period, which may be illus- 
trated thus : — If one planet described a revolution in a year, 
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and another b^ond it exactly in two years, there would be 
periodical conjunctions, happening in certain parts of the 
circle. In fact, supposing the planets to set out together from 
a coni unction, at the end of a year the inner planet would be 
round at the starting-place, and the outer planet would be half 
round, or in direct opposition. At the ena of the second year, 
the inner planet would be round at the starting-place again, 
and the outer would also be there, and the two would be as 
they were two years ago. Now, in the course of these two 
years, they have been in every possible situation with respect 
to each other that could ever happen to them ; for they would 
be always repeating the same course. Moreover, they would 
have gone tnrough, as it were, a course of opposite positions. 
They would have been so long in conjunction, or on the same 
side of the sun, and in this position the outer would have 
drawn away the inner from the centre, and the inner would 
have made the outer to approach nearer ; but they would be 
also at another time in opposition ; and during this time some 
effects would arise exactly opposite to the previous. And 
every other situation would have another corresponding situa- 
tion, where some of the effects of the first were neutralised ; 
so that, at the end of two years, a portion of the disturbances 
would have arisen and. disappeared, and left nothing to accu- 
mulate. Now there are no two planets whose periods are so 
simply related as 1 to 2; but there are simple relations among 
some of them, which cause a harmony of positions like the 
above, and at the end of certain intervals make them start 
together at the same points in the heavens. Thus the periodic 
time of Jupiter is to the periodic time of Saturn as 2 to 6, 
and more accurately as 29 to 72. In the course of 855 years 
Saturn will have gone round 29 times, and J upiter 72 times : 
and in the course of this interval certain disturbances will 
have arisen, increased to a certain amount, then diminished 
and disappeared* For instance, during the first half the mean 
distance of Jupiter will go on slowly lessening, and that of 
Saturn slowly increasing; and during the second half the 
reverse will occur, so as to leave both distances at the end of 
the period as they were at the beginning, in so far as this 
particular disturbance is concerned. There are similar com- 
pensations in other pairs of adjoining planets, as in the case 
of Mercury and Venus, Venus and the earth, &c. 

Bistorbanoes of the Orbits of the Satellites. 

212. A satellite must of course share in the irregularities 
of its primaiy ; but this, though a cause of observable per- 
turbations-tin the moon, for instance — is a small matter com- 
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pared with the disturbiixg action of the sun. If the planet 
and satellite were always at the same distance £^om the sun^ 
or if gravity did not vary with distance, the two would be at 
all times equally acted on by the latter, and there would be 
no disturbance in the orbit of the satellite about the planet. 
But the motion of the satellite throws it sometimes nearer, 
and at other times farther from the sun than the planet, and 
hence one is more acted on than the other; and from this 
dilFerence, which is greatest at the conjunctions and oppo- 
sitions, and gradually diminishes to nothing at the quadra- 
tures, all the disturbances arise. 

So great are the disturbances of the moon, that to 
suppose her orbit elliptical and fixed, and calculate her motions 
by the laws of Kepler, would be so inaccurate as to serve no 

E ractical end. The first ^reat inequality in her motion arises 
rom the elliptic foi*m of the eartn^s motion, whereby both 
earth and moon are nearer the sun at one time of the year 
than at another. The effect of this is, that the moon’s motion 
is quickened as the earth passes from her greatest to her least 
distance from the sun, and rendered slower as the earth moves 
from the least distance to the greatest. This is called the 
mnual equation of the moon. The greatest error in the moon’s 

E lace arising from this is about ^th of a degree, or a third of 
er breadth. 

214, A second inequality is that termed the variation, or 
the increase and diminution of velocity, that take place alter- 
nately in the course of a single revolution, or between two 
new moons. Undisturbed by the sun, the velocity of the moon 
would vary in a fixed proportion to her distance by the first 
law of Kepler ; but it is one of the effects of the sun’s attrac- 
tion to diminish the velocity in the first quarter, increase it 
in the second, diminish it in the third, and. increase it again 
in the fourth: so that her actual place will be, now before 
and now behind, what it would be by Kepler’s law. The error 
from this cause mounts up to 32 minutes, or about the moon’s 
whole breadth. 

216. The first inequality above-mentioned depends on the 
earth’s place in her orbit : the second on the moon’s place in 
her orbit in reference to tne sun. There is a third inequality 
resulting from the eccentricity of the moon’s orbit, or whicn 
would not exist if she moved in a circle. The sun’s action on 
the ellipse that the moon describes, is to make it, as it were, 
whirl round bodily, or to make its longer axis go round 
slowly in a circle. Every month this line moves forward by a 
certam angle, sometimes more, and sometimes less, aocordmg 
to its position ; and it accomplishes an entire nrvolutioa in 
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about Bine years. The irregularity of this movement is very 
for although it is on the whole progressive — that is, in 
Qie direction of the moon’s own motion — it is sometimes 
going backwards £>r months together. The conseouence of 
* the movement is, that the places of the moon’s least and 
greatest distances from the earth {Perigee and Apogee) are 
not permanent, but lie in every direction in the course of 
nine years. 

216. The eccentricity of the moon’s orbit, which gives rise 
to this change of its direction, is itself disturbed in conse- 
quence — being sometimes above and sometimes below the 
average, to the extent of ^th of the whole. When the long 
axis of the orbit points to the sun, the eccentricity is greatest ; 
when the short axis points to the sun, it is least. This change 
of eccentricity does not alter the mean distance of the moon 
from the earth, but it alters her greatest and least distances. 

217. All these inequalities would take place though sun, 
earth, and moon were in the same level plane; but as the 
moon is sometimes on one side of the plane of the earth’s 
orbit (the ecliptic), and sometimes on the other, she is liable to 
be disturbed in this particular. Instead of keeping always in 
her own plane, she is liable to be drawn out of it, so as to be 
sometimes less, and sometimes more inclined to the ecliptic. 
Her average inclination is about 5 degrees — a comparatively 
small quantity. A double effect arises from the sun’s action 
on this inclination. In the first place, there is a steady revo- 
lution of the line of nodes, or the line of section of the moon’s 
plane and the ecliptic, so that her places of crossing the 
ecliptic are continually shifting. This motion is backwards, 
or m opposition to tne moon’s course. If we suppose her 
crossing through the ecliptic at a certain place, rising above 
it, going round half a circle, and coming to cross again to go 
to the other side of the ecliptic, we find that, instead of having 
gone over an entire half circle before reaching the ecliptic, she 
crosses before she has gone so far ; and then, on proceeding 
round to the ascending node which we supposed her to start 
from, she crosses again very much behind her previous cross- 
ing. Between one node and the opposite there is less than 
180 degrees ; and between two successive nodes there is less 
than a circle. The retreat of the crossing points takes place 
at such a rate on the whole, that it completes its backwa]^ 
circle in nineteen years. This is a period very important in 
the calculation of eclipses, as they occur in nearly the same 
series in eveiy revolution of the nodes. In the second place, 
the inclination itself fluctuates to the extent of about 
8 minutes. • 
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218. The disturbances of the satellites of Jupiter and Saturn 
are naturally more complicated than those of the moon, from 
their action on one another bein^ added to the disturbing 
influence of the sun. Their mutual action, however, becomes 
simplifled on the principle of compensation by opposite posi- 
tions ; and certain very simple laws have been discovered in 
the motions of the satellites of Jupiter, which assist in pr^ 
dieting their eclipses. The system of Saturn is very compli- 
cated, from the existence of seven satellites, besides a double 
ring whirling whole about the body of the planet. 

Disturbances of the Orbits of the Comets. 

219. The comets have cei'tain peculiarities in their orbits, 
that render these liable to a greater degree of disturbance 
than either planets or moons. Their orbits have very large 
eccentricities — that is, they have a long and narrow shape ; 
they have also frequently very great inclinations to the 
ecliptic region, to which the rest of the solar system is 
confined. Hence the dimensions of their path, and its direc- 
tion in the heavens, are subject to very great alterations, 
which it is exceedingly difficult to compute. Accordingly, 
the prediction of the return of comets is as yet very imper- 
fectly eflected. Their masses also seem to fluctuate. Tney 
are so rare, and so much spread out, that they would appear 
liable to be absorbed by the sun as they pass their perihelion. 
Halley^s comet, which revolves in about seventy-five years, 
had its last return predicted by calculating its perturbations 
by the several planets that would be near enough to aflect 
it; and it did actually return, and passed its perihelion in No- 
vember 1835, within a few days of the assigned date. 

PEBTUBBATIONS OF THE ROTATIONS OP THE HEAVENLY BODIES. 

220. The mechanical theory of a planet’s undisturbed rota- 
tion is very simple. A body, once set a-whirling, will go on 
to whirl for ever at the same uniform rate, by the first law of 
motion ; so that, if we ascertain the time of one whirl, we 
can predict its future ^sitions at any time. Whence, on 
mechanical principles, tne rotation of the planets ought to 
be uniform ; and this we find is actually the case. The daily 
rotation of the earth produces the apparent daily revolution 
of the starry sphere, and measures the sidereal day, which 
has preserv^ the same length through all the experience 
of the human race; so that there is evidently no cause 
existing to disturb the natural tendency of such motions to 
persevere* 
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221» We have seen also that the flattening of the planets 
has a simple mechanical explanation. But &is flattening at 
the poles, and bulging at tne equator, exposes them to a dis- 
turbimce, which, though it does not aflect their rotatory 
*speed, altera the direction of their axes, so that these point, 
now to one place in the stars, and anerwards to another. 
The earth suffers an irregularity that is traceable to its equa- 
torial bulging. The first part of this irregularity is the pr0^ 
cession of the equinoxes^ or the retreat of the points where the 
ecliptic cuts the equator. The celestial equator is marked out 
by the terrestrial equator ; and if the latter change its place, 
by the earth whirling in some new direction, the places of the 
equator and poles of the heavens among the stars will be 
changed. On the ecliptic, precession is observed by the re- 
treat of the ^uinoxes ; the retreat of the ^uinoxes or nodes 
is accompanied by a change in the celestial pole, whereby it 
revolves in a circle in the heavens round the more fixed pole 
of the ecliptic. The origin of the whole effect is the action of 
the moon and sun upon the equatorial bulging of the earth. 
If the earth were a perfect spnere, her position on her axis 
would not be changed by any foreign attraction ; but the ring 
of equatorial matter is disturbed as if it were a satellite going 
round the earth, only in its disturbances it has to drag the 
whole mass of the earth along with it ; and hence the amount 
of variation becomes very much less than a detached satellite 
or ring would suffer. Tne disturbance actually arising is the 
same in character as the disturbance in the moonA orbit 
arising from its inclination ; it is a retreat of the nodes, or of 
the intersection of the earth’s equator on the plane of the 
ecliptic, or the plane of its annual revolution. This retreat 
being 50 seconds a year, the entire period of the revolution of 
the equinoxes is about 26,000 years. In this time the celes- 
tial pole describes a circle among the stars, whose radius is 
the obliquity of the ecliptic. The motion of the earth, in this 
case, is like an inclined spinning top, which keeps up the same 
slant, while it whirls round so as to describe a conical figure 
with its axis. As in the case of the tides, the sun and moon 
conspire to create this disturbance. 

2*2'2. There is a secondary disturbance added to the preces- 
sion, called the nutation o? the earth’s axis, which causes a 
fluctuation in the motion of the nodes of a short period. The 
moon being the great disturbing agency in causing precession, 
her tendency is to make the nodes have their regular retreat 
only on her own plane, not on that of the ecliptic. Now as the 
moon’s plane itself retreats on the ecliptic, so as to go round 
in nineteen ^ears, the actual precession is a combined pheno- 

G 
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menon ; and the second part shows itself in the earth’s axis, 
describing eve^ nineteen years a very small ellipse (18 § seconds 
hy 13| seconds) among the stars, while moving on in its 
large circle of precession. In settling the first point of Aries, 
in order to fix the starting-point of right ascensions and longi- 
tmies, the nutation must he considered as well as the preces* 
aion ; and these two may be considered as making the fourth 
great correction, to be applied to celestial observations, after 
allowing for refraction, parallax, and aben*ation. 

STABILITY OF THE SYSTEM, 

223. It is natural to inquire whether the numerous pertur- 
bations which all the bodies are subject to, are such as in the 
longrun to overthrow the present arrangements of the system. 
If any cause were at work to diminish steadily the mean dis- 
tance of a planet, it must of course ultimately fall into the 
sun. It has, however, been proved that the total effect of all 
the mutual disturbances has no such tendency, and that the 
planets and satellites may revolve for countless ages without 
any radical change happening to the character of their orbits ; 
they will preserve botn their mean distances and the average 
shape of their ellipses. The only thing that can bring about 
a decay in the system is a resisting medium — that is, if the 
planetary spaces, instead of being perfectly blank and void, 
are filled with a very thin gas or ether that would impede the 
motion of bodies, as our own atmosphere resists any body 
that is impelled through it. It is at present doubtful if such 
an ether exists ; it is certain that, if it does exist, it is ex- 
ceedingly rare, and cannot produce any perceptible effect in 
less than thousands of years ; still, if it exist at all, it will tell 
some time or other, and will have the effect of lessening the 
mean distances, and contracting the orbits, so that an end to 
planetajy revolution must be the inevitable consequence. 

224. It has been suggested, on the other hand, as probable 
that the planetary periods may continue to diminish tor thou- 
sands of years yet to come, then reach a limit, and afterwards 
gradually return to their former periods of revolution. This 
progressive and retrograde, or oscillatory kind of motion, is 
by no means uncommon in nature, a noted example being 
found in the magnetic needle, which seems to oscillate between 
23 degrees west and 23 degrees east of due north in the course 
of several hundred years. It is expected that the question of 
a me^um will be decided, from a study of the comets, which 
are so light, and so much spread out, that a very slight resist- 
ance would soon show itself in contracting their irbits. 



SIDEBEAL ASTRONOMY. 


• 225. Although the solar system, with all its extent and 
grandeur, is a mere handbreaath and a few atoms compared 
with the starry universe, yet our knowledge of the latter is 
very slender compared with the complete information we pos- 
sess of the former. The first thing that strikes us about the 
stars is their difference of brightness. They can be classified 
according to this feature. The most brilliant are said to be of 
the first magnitude ; the next of the second ; and so on : the 
smallest that are usually seen bjr the naked eye are generally 
of the fifth magnitude. By using telescopes, a vast mass of 
new stars come into view, which are reckoned as far as the 
sixteenth magnitude ; the numbers and closeness increasing 
with every increase of the telescope’s power. 

226. The stars are very unequally scattered over the sky. 
We may always observe a whitish band arching the heavens, 
called the Milky Way, which appears to the eye, and still 
more to the telescope, as a dense mass of starry dust ; in other 
words, an infinite host of stars, whose vast (ustances can be 
neither measured nor imagined. 

227. Since the stars have been closely watched, some of 
them have been discovered to vary in their appearance at 
different times. A few of them have come to be called perio- 
dical stars, from their going through a regular change of 
brightness, like the moon. At one time they will be of the 
second, third, or fourth magnitude, and at another time very 
much less, or they may even disappear entirely. The perio(fs 
of this change have in several cases been determined. But 
there are stars that appeal* suddenly, and disappear suddenly, 
according to no known law, 

228. Another remarkable class of stars are the double stars, 
so called, not from lying beside each other merely, but from 
their being seen to revolve about one another in regular 
periods. Many himdreds of these systems have been ob- 
served; a good many have had their periodic times deter- 
mined, as well as the apparent size of their ellipses. Some of 
the periods extend to several hundreds of years. 

220. Another set of peculiar objects is the nehuUe, or hazy 

E atches of faint light, like a thin flame. When telescopes of 
igh powers were applied to these, many of them resolved 
themselves into crowns of stars. (See fig.) But thei*e were 
others that could not be thus resolved, and nad such a peculiar 
appearance, that it was thought by Sir William Herscnel that 
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they were not starry xnasses, but patches of diffused matter, in 
the course of being condensed into stars. It was believed by 
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many people that such uncondensed suns were likely to exist; 
but the application of the powerful telescope of Lord Rosse 
showed, in 1846, that one of the most marked of these nebulae 
(the nebula in Orion) did really consist of an immense irre- 
gular mass of stars, undiscemible before, from its being situated 
so remote in the depths of the stariy spaces that the separate 
stars could not be seen. These nebulse are scattered over the 
heavens in great numbers ; and they give us the idea of infi- 
nite space being filled with innumerable clusters of stars scat- 
tered here and there at vast intervals, and every cluster com- 
posed of millions upon millions of individual suns, whose 
mutual distances even are beyond the power of our imagina- 
tion to conjecture. 
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NOTICE. 


Electricity is the branch of Natural Philosophy most closely 
allied to Chemistry. ITcncc, although in the order of study 
Chemistry comes after Natural Philosophy, a certain acquaint- 
ance with the primary facts of Chemistry will be of use in 
facilitating the comj)rehension of some portions of the present 
subject, particularly Voltaic Electricity. Before entering upon 
that department, the teacher will find it advantageous to state, 
and illustrate by a few familiar examples, the nature of chemical 
combination and decomposition, and to distinguish these from 
mixtures and separations that are not chemical. The leading 
properties of chemical union arc the fixed ju’oportions of the 
combining substances, the giving out of heat (as in burning), and 
the total difference between the resulting compound and either 
of the individuals in their whole aspect and properties. Thus a 
certain weight of sulidmr, combining ■\\ith a fixed i)roportion of 
coj>])or filings, will i)rodiico lieat while the union is going on, and 
will tuiTi into a black substance in which neither copper nor 
suljdiur could be recognised, and Avhich coidd not serve any one 
of the special purposes of either. 

In this, as in the preceding Treatises, great pains have been 
taken to render the arrangement as per^picuous, and the lan- 
guage as simple and intelligible, as the subject would allow. 


Alex. Bain, 
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oppose different points to the atoms next it, but the new 
points would repel in exactly the same manner as the old. 

2. But nature makes use of forces that have not the un- 
varying character either of gravity, liquid cohesion, or gaseous* 
repulsion. We find a kina of force inhering in atoms and 
masses of matter that is repulsive at one side of each atom or 
mass, and attractive at the opposite side. If we have two bodies 
adhering to one another by this force, and if we take one of 
them and turn it about so as to place the opposite end next 
the other, there will be no attraction ; on the contrary, there 
will be a repulsion, and this repulsion will probably have the 
same strength that the previous attraction had. In this case, 
therefore, the mutual position of the bodies is an essential cir- 
cumstance. Each mass has its power gathered into its ends, 
but the ends have contrary actions. If the forces on two 
opposite points were joined together, they would neutralise 
each other, and cause perfect indifference on the whole. To 
forces of this character the name polar is given; and bodies 
actuated by them are called polar, or polarised, or are said 
to have the attribute of polarity. 

3. When bodies are crystallised, the force by which their 
atoms adhere is a polar force. An atom of ice will not adhere 
to another atom on any side ; a certain point of the one clings 
to a certain point of the other ; and if one of a pair of adjoining 
atoms were to have its ends reversed, the two atoms would 
repel one another violently. Hence crystallised bodies cannot 
have their particles stirred about like a liquid, or like red-hot 
iron ; the least disturbance causes a fracture. If a particle is 
moved from its proper position, it either ceases to attract or it 
becomes repulsive, and there is an end to the cohesion. The 
property of brittleness generally indicates a polar cohesion. 
Malleability and ductility, or mobility of parts, show that the 
cohesion is not polar, but general, and evenly distributed over 
the entire surface of the particles. When bodies are at their 
highest pitch of solidity, hardness, or compactness of struc- 
ture, they have generally the polar cohesion. This cohesion is 
uniformly destroyed by heat, which softens, melts, and finally 
evaporates solid substances. And in many other cases besides 
crystalline cohesion, heat is the destroyer of polarity. 

4. Throughout the whole range of actions that are included 
under ELEOi^iciTy, polarity is an invariable characteristic. 
It is not possible to produce an electrical attraction without 
an equal repulsive power conjoined. Every electrified body 
is attractive at one end and repulsive at the other, or is pola- 
rised, like an atom of a crystal. It is in ele( 4 tricity that we 
can most completely study the nature and laws of polar force. 
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for there we have it under the greatest variety of different 
circumstances and modes. It is not confined to electricity ; 
we see it also in light. Chemical forces have certainly a 
4 )olar nature, and some of the vital forces appear to have the 
same character. Whether all the polar forces arise from one 
identical agency or from many, they at least serve to illus- 
trate and explain each other; and the electrical phenomena 
present the most visible and tangible instances of the polar 
mode of action. 

6. The word electricity,’^ taken from the Greek name for 
amber (which strongly exhibits the phenomena when rubbed), 
was at first applied to the electrifying of bodies by rubbing 
or friction ; but it is now the general name for seven different 
kinds of electrical excitement. These seven kinds fall under 
two heads. When the excitement is in a state of repose, and 
maintains itself, it is called Statical Electricity ; when 
the excitement is in a constant current, and requires to be 
continually renewed, it is called Current Electricity. 
The subdivisions of each are as follow : — 


statical electricity, 

1. Magnetism. | 2. Frictional or Tension Electricity. 

CURRENT ELECTRICITY. 

3. Voltaic Electricity. I 6. Thermo-Electricity. 

4. Electro-Magnetism. | 7. Animal Electricity. 

5. Magneto-Electricity. 



MAGNETISM. 


6. There is a certain ore of iron (an oxide, or a combination 
of the metal with oxygen) that has the property of attracting 
pieces of iron, and of communicating its attractive power to 
bars of steel. This ore is called the loadstone. The name 
magnet, also applied to it and to the bars of steel that have 
acquired its properties, is supposed to be derived from Mag- 
nesia, a countiy in Asia Minor, where it was first discovered. 

LAWS OF MAGNETIC PHENOMENA. 

7. The first principle of the magnetic force may be stated 
thus : The magnet has always two poles or points where the 
power seem concentrated. If we dip a magnetic bar into 
iron filings, on lifting it up we find a considerable quantity 
of the filings adhering to it, in consequence of its attraction 
for iron. On observing it closely, we see that the greatest 
mass of filings is attached to the two ends, that there is a 
gradual decrease towards the middle, and that in the middle 
point itself there is none. Hence it is said that tfie poles, or 
centres of the force, lie in the ends of the bar. A heavier 
piece of iron will be suspended at one of the ends than in any 
other place. The actual poles or points of highest concen- 
tration in the case of a bar, are each in the interior of the 
bar at a small distance, probably from a quarter of an inch to 
an inch from the extremities. Whatever be the shape of the 
magnetic mass, two such centres will be found in it. If a 
loaastone, or a steel magnet, is broken in two, each fragment 
will have two poles the same as the entire body ; and this 
would hold if it were broken into any number of pieces. The 
poles are not of themselves the sources of the power. They 
resemble rather the centre of gravity of a body; which is the 
point, not where the gravity is actually lodged, but where, 
if it were lodged, the action of the body would continue the 
same ; and which is continually changing with the changes 
of shape or contents that the body undergoes. The magnetic 
poles represent the total magnetism of the mass ; when we 
speak of a body^s distance from the magnet, we measure 
tnis distance from a pole. As a gravitating mass is a col- 
lection of gravitating atoms, so a magnet is a collection of 
magnetic atoms, each with its two poles; and when the 
forces of all the atoms are joined together, the Result is the 
same as if the magnet were only a pair of atoms, placed 
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asunder at tlie distance of the two poles, and possessing oppo- 
site attractions. 

8. Magnets repel each other hy their like poles^ and attract 
epch other by their unlike mles. The two poles of a magnet, 
as of all pofarised bodies, have opposite actions ; what the one 
will attract, the other will repel, and what the one will repel, 
the other will attract. If we have two different magnets, 
and if we take a third magnet to try their action upon, we 
shall find out which is the like, and which the unlike poles. 
Present one end of the first to one end of the third ; ana sup- 
pose we find that they attract each other. Present next one 
end of the second to the same end of the third ; if an attrac- 
tion now takes place, the poles of the first and second that 
have thus shown a common attraction for one pole of the 
third, are like poles ; they have both precisely the same 
action on one object. Their other ends, if tried in the same 
way, would show an identical action on the common object, 
and would also be like poles. But if a pole of the first at- 
tracted, and a pole of the second repellea, the same pole of 
the third, the poles of the first and second thus tried would 
be unlike poles. Thus, in the 

figure, suppose that the pole A of , i 

No. 1 attracted the end b of No. 3, ^ 

and the pole A' of No. 2 also 2 

attracted b, A and A' are like 
poles ; but if, while A attracted b, 

A' repelled it, A and A' would be ^ , ^ 

unlike poles. Now, from the na- 
ture of polarity, the two poles of the same magnet are always 
unlike ; that is, if A attracted 6, B would repel b. By re- 
versing the acting magnet while the magnet acted on remains, 
we get an opposite action. 

9. Supposing, therefore, it is found by such a trial that A 
and A' are the like poles of two magnets. Let us bring 
these two poles together, and the action is repulsion. So, if 
we bring the other ends together, B and B', which also are 
like poles, they will repel each other. But if we bring A 
and B' together, which are the unlike poles of the two mag- 
nets, they will attract each other, and adhere with more or 
less force according to their stren^h. The same will happen 
if we bring A' and B together. And if, in the trial or the 
two first upon the third, it appeared that A and A' attracted 
6, this would be a proof that tne pole b was unlike the poles 
A and A', and like their opposites B and B' j and that a is 
the pole like to^ and A'. 

10. The two poles of a magnet are distinguished by the 
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names North and South, from the north and south poles of 
the earth. The end of a magnetised needle or bar that points 
to the north pole of the earth when suspended freely, was at 
an early period termed the north pole, and the opposite end 
the south pole. This usag'e still continues, althoug'h erroneous. 
In fact, the end that is attracted to the north is, for that very 
reason, unlike the north magnetic pole of the earth, and ought 
to have been termed the south pole of the magnet. 

11. It thus appears that there exists within each magnet 
two contrary influences, which repel each other, and, through 
this repulsion, are distributed into the two farthest ends of the 
mass. Half-way between the poles is the cross line of neutra- 
lity. It is the place where the two opposing forces balance 
one another, and prevent an attraction taking place either 
way. We must regard the force even at one of the poles 
as a difference of two forces ; for when a needle is attracted 
to the north pole of the ma^et, it is under the repulsion 
of the south pole at the same instant. It is kept to the 
north pole only because it is nearest ; for the magnetic force 
diminishes by distance. It is from the neutral line being 
equally^ distant from both poles that its neutrality arises. 
An object placed there is like the matter in the earth’s 
centre, which, being equally attracted on all sides, shows no 
tendency to any, 

12. The attraction of magnets for unmagnetised iron arises 
from a temporary communication of magnetism^ called induction. 
If we bring a few iron filings or pieces of soft iron near the 
pole of the magnet, they will be attracted ; if we take them 
oflp, and apply them to the other end, they will still be at- 
tracted. This at first sight appears to contradict the general 
statement as to the contrary nature of the two poles. But 
on nearer examination, it becomes perfectly consistent ; and 
a new property of magnetism is disclosed by it. When we 
bring one end of a piece of soft iron near the pole of the mag- 
net, the soft iron is itself rendered magnetic. Each magnet is, 
as it were, surrounded with an atmosphere that communicates 
the power to all iron masses that approach it. This temporary 
magnetism is always arranged in opposition to the forces of 
the principal magnet. The end of the soft bar touching 
the north pole of the magnet becomes a south pole ; and the 
other end is a north pole, as may be seen by bringing the 
south pole of another magnet near it. While in actual con- 
tact with the magnet, the iron is not indifferent ; if we try 
the remote end by a pole like the one that attracts the near 
end, we will see an active repulsion : so that a magnet 
attracts iron because it has the power of making it a magnet 
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for the time. The iron in contact is rendered polar throug-h- 
out, and has this polarity concentrated in two opposite poles 
exactly like the loadstone. A magnet cannot attract silver, 
.J)ecause it has not the power of imparting the magnetic state 
to atoms or masses of silver. Iron seems by nature suscep- 
tible of magnetism, and when once it is magnetised, it can 
attract other iron by magnetising it in turn. 

13. The existence of this temporary influence, called mag^ 
netic induction, proves that polar bodies attract none but 

olar bodies. When a neutral body is brought near a polar 

ody, there will be no action unless the neutral body is first 
polarised by the neighbourhood of the other. 

14. When a magnet suspends iron filings, they may be 
seen hanging from it in threads, clii^ing not all to the mag- 
net, but to one another in a chain. This action is best under- 
stood by taking a few iron balls or little bits of wire, and 
suspending one of them to a pole of the magnet. By this 
suspension it is made a magnet for the time, and two active 
poles are developed in it. If the north pole of the magnet 
IS used, the wire 1 will have its upper end a south pole, and 
its lower end a north pole, ready 
to attract iron, as if it were a per- ^ 
manent loadstone. Being now the 
wire 2 into contact with the first. 

The active north pole of No. 1 
will develop an active south pole 
in the upper end of No. 2, and an 
active north pole at its lower end; the unlike poles will attract 
each other, and the second will hang by the first, and will 
have the power of communicating the same polarity, and 
exercising the same attraction for a third wire. The^eight 
of wires that can be polarised and suspended is limited by the 
power of the magnet. As the lower end of the above series 
IS a north pole, it may be carried across to the other end of 
the magnet which is south, and there attracted ; and we will 
thus have a chain hanging from end to end of the magnet, 
each joining presenting a pair of opposite poles. The induc- 
tive strength of the two ends being combined in this case, a 
greater weight will be sustained than could be borne by a 
single pole. 

15. We must conceive the atoms composing the magnet 
itself as exercising the same inductive power on one another, 
and in this way combining their strength together. But for 
this power which each little magnet has to throw its sti’ength, 
as it were, into an adjoining magnet, there could be no accu- 
mulation of force. A chain never can be stronger than its 
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weakest link ; and the end of a line of magnetic atoms would 
have no greater strength than a single atom unless each atom 
was heightened by the inductive force of the whole series. 
No. 1 has of itself a certain degree of polarity; No. 2 hap 
in like manner a certain independent strength; when the 
two go together, the first adds its inductive strength to 
the natural polarity of the second, and the second does the 
same to the first, and each is now so much stronger than 
before. It is like the lowest stratum of a fluid which presses 
not only with its own gravity, but also with the accumulated 
gravity of all that lie ^ove it. 

16. The power of the original magnet is exalted by the induc^ 
tion. By connecting the two ends of a magnet by a rod of 
unmagnetised iron, the latter becomes magnetic under the 
induction, and seems to react upon the magnet by its induc- 
tion, so as to maintain, and even to increase, its polarity. Left 
to itself, with its poles unconnected, a magnetos power gra- 
dually decays. The series of inductive polarities must form a 
circle to acquire the highest degree of intensity; and when an 
unmagnetic bar joins the poles, the exercise of the induction 
upon the fresh matter gradu^ly heightens the sum of the 
polarity. 


MAGNETS. 

17. The loadstone has been termed the natural magnet, 
because it seems to have magnetism permanently engrainett 
in its constitution. It is found in all parts of the world, and 
sometimes forms rocks of considerable size. Its strength is 
very unequal in different specimens. As a general rule, a 
small loadstone will carry a greater weight in proportion to 
its size than a large one. It has a grayish colour and a dark 
metallic lustre. Although an oxide of iron, it is not identical 
either with rust or with the scales of iron formed by burning 
iron wire in oxygen gas. 

18. Artificial ms^nets are formed from bars of well-tem- 
pered steel. The instantaneous influence of a magnet on a 
steel bar is not so great as on soft iron, but the steel retains 
the polarity that has once been communicated to it. To mag- 
netise the steel thoroughly, motion and friction are used. In 
general, if we take a loadstone, or a bar already magnetised, 
and rub one end along a steel bar repeatedly, and always in 
one direction, the steel bar will become magnetic; but in 
order to make the process effective, a mode of action must be 
used that uniformly tends to give one kind of ^oagnetism to 
ike bar — that is, that always developes the same pole at the 
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same end. If one part of the stroke tends to pve a south 
pole, and another a north, to one end of the bar, the contradic- 
tion will destroy the effect. In rubbing a bar with a magnet, 
we ought to commence at the middle of the bar, and rub from 
thence to one end with one of the poles of the magnet ; the 
ma^et should then be reversed, and placed at t& middle 
as before, and rubbed towards the other end of the bar. 
And the process should be repeated in the same order; 
one end of the magnet always going out to one end of the 
bar, and the other end of the magnet to the other end of the 
bar alternately. The bar will then be .magnetised in such a 
manner that each end will be opposite to the end of the 
magnet that rubbed ‘it. The same inductive action that ren- 
ders soft iron temporarily magnetic by mere contact, comes 
into play here ; but steel offers more resistance to the action 
than iron, and the friction is needed to overcome the resist- 
ance. The magnetic state thus forcibly communicated re- 
mains permanently in the steel bar, which has thenceforth 
the character of the natural loadstone. 

19. In practice, it is found best to use two magnets to rub 
with, ana thereby to perform both the rubbings at once. 
Opposite ends of the two rubbing magnets are laid together 
on the middle of the bar to be magnetised, and they are held 
so as to make a small angle with the bar ; they are then 
drawn along, one to one end, and the other to the other end, 
repeatedly. The bar itself is laid in a straight line with two 
other magnets, which exert upon it the inductive contact 
while it undergoes the friction of the rubbing magnets. This 
method is found very suitable in magnetising needles for 
compasses. Another method, called the double touchy con- 
sists in arranging the bar as before, with magnets in a line 
with each end, and using two rubbing magnets with opposite 
poles brought together; but instead of beginning at the 
middle of the bar, and separating the two, and drawing them 
apart to the two ends, they are held together and rubbed from 
end to end backwards and forwards. The inclination in this 
case is to be still smaller than before. The ends of the 
rubbing magnets are not in actual contact, but press upon a 
wedge of wood or brass which lies between them. This method 
communicates a very intense degree of magnetism ; but is apt 
to make the poles of the bar unequal in strength. 

20. Instead of being a straight bar, it is convenient to give 
magnets the form of a horse-shoe, which brings their poles 
near each other, and makes it easy to complete the circle, and 
to bring both pples into play upon the same object. Such a 
magnet is represented in the following figure. A and B are 
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the two poles; they are joined by the bar which is of 
course polarised ; m having* the opposite magnetism from A, 
and n from B. Each horse -shoe magnet 
is permanently furnished with such a crossr 
piece, made of soft iron, which is called the 
keeper, and sometimes the lifter, and also the 
armature. When the magnet is used to 
suspend weights, these are attached to the 
keeper, as shown in the figure. 

21. In order to make a very powerful mag- 
net, a number of single bars are joined toge- 
ther. This makes a compound magnet, or a 
magnetic bundle or battery. They may be 
either straight or horse-shoe bars. A com- 
pound horse-shoe magnet is represented be- 
neath : R is the ring for suspending it, and 
kk' the armature; the bars are magnetised 
before being joined, and they are fastened by 
screws s and s runnmg through them. 

22. A piece of loadstone is generally fitted up in a frame- 
work of soft iron, and its poles are thus 
communicated to projecting ends of ir6n, 
which have the same action as the ends of 
magnetic bars. 

23. The strength of a magnet may be 
gradually heightened by hanging weights 
to it, which are to be increased at intervals 
of time by little and little. On the other 
hand, the magnet is weakened by abruptly 
breaking the contact, as in drawing off the 
keeper suddenly. If an iron bar is in in- 
ductive contact with a magnet, and in that 
position receives a succession of blows with 
a hammer, it will acquire a fixed magnetism : 
so, if it is placed under induction while hot, 
and allowed to cool, the magnetic state will be confirmed so as 
to remain ; also if iron, while under induction, becomes rusty, 
the chemical action will have the same effect in fixing the 
magnetism. On the principle that a change in the molecular 
constitution of the iron can render permanent the magnetic 
state, it is possible to form an artificial loadstone. On dipping 
a powerful horse-shoe magnet into iron filings, a great mass 
will be aggregated round each pole, and they will run together 
so as to make a string or tuft between the poles. The whole 
mass taken together will be as one magnet o^ loose cohesion. 
If the filings ai’e then moistened with oil, and exposed to a 





MAGNETS. 


17 


red heat while connected with the mag^net, a partial oxidation 
of the iron will take place. The mass will then cohere 
together with some degree of compactness, and will remain 
permanently magnetic, and very much resemble the natural 
loadstone. On the other hand, a magnet when heated to red- 
ness and then cooled, loses its magnetism entirely, as well as 
its steel temper. Red-hot iron loses the power of being 
attracted by the magnet, and seems to become like one of the 
indifferent metals. On closer examination, however, and by 
the use of a magnet of very great power, Faraday found that 
the magnetic susceptibilit}^ is not entirely lost at a red heat, 
but merely very much enfeebled. 

24. Iron is not the onljr magnetic metal, although it be the 
one most powerfully aflected. Nickel and cobalt are also 
magnetic, and are attracted and polarised exactly like iron. 
It was formerly supposed that all the metals might be subject 
to magnetism in some degree, although perhaps it might 
require a much lower temperature than ordinary to make the 
polarity appear ; but the recent experiments of Faraday are 
tending to show that only a limited number of them are 
magnetic ; namely, the three already decided on — iron, nickel, 
and cobalt ; and as far as appears at present, six others — 
titanium, manganese, cerium, cnromium, palladium, and pla- 
tinum. To these nine bodies must now be added Oxygen, 
which Faraday has still more recently shown to be magnetic. 

25. A certain number of metals when under high magnetic 
influence — as when lying between the poles of a powerful 
horse-shoe magnet — are repelled by both poles alike, so that a 
bar suspended between two poles is compelled to assume a 
cross position, from its seeking to be removed as far as it can 
be from both. To this action Faraday has given the name of 
dlaynaynetism, or cross magnetism. It is, however, radically 
different from magnetic action, although caused by a magnet. 
Its want of the polar character makes it an exception to all 
forms of electrical excitement. It takes place so decidedly on 
the following metals, as to prove them to be at least not 
magnetic — antimony, bismuth, cadmium, copper, gold, lead, 
mercury, silver, tin, zinc. But the cross action is not con- 
fined to metals: it belongs to almost all solid, liquid, and 
gaseous substances, excepting those that are magnetic ; and it 
may belong to them too for anything we know, since, though 
it did exist, it would be overpowered and hidden by their 
magnetic tendency. The diamagnetic action is found to be 
strongest with bismuth, phosphorus, and the heavy glass, 
composed of sjlicated borate of lead. 

26. When a substance is magnetic, like iron, all its com- 

B 
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pounds are magnetic likewise. Oxides and salts, and the 
other combinations of iron, nickel, cobalt, titanium, &c. are all 
attracted by the magnet, and consequently excluded from the 
list of Faraday’s diamagnetics. Liquid solutions of the acid^ 
and salts of these metals are seen to be magnetic as well as 
the solid masses. Hence if any compound of a metal shows 
polarity, or is attracted by a magnet, that metal is inferred to 
be magnetic. It was principally by the use of compounds that 
Faraday determined the magnetic character of the six metals 
above enumerated additional to iron, nickel, and cobalt. The 
magnetism of oxygen, however, is not maintained in its 
compounds. 

MAGNETISM OP THE BARTH. 

27. The earth, taken as a whole, forms a great magnet 
having two poles, termed its north and south magnetic poles. 
This is proved by the fact, that all magnets assume a fixed 
position on its surface, in a direction nearly north and south. 
If we suspend a magnetised bar with a string, and leave it to 
itself, on coming to rest it will take this north and south direc- 
tion ; and if we move it or whirl it round, it will come to rest 
again in the same position. The exact direction of the mag- 
netic needle, or freely-suspended bar, in any place on the 
earth, determines the magnetic meridian of that place ; which 
is an imaginary upright plane (like tliose used in astronomy), 
passing through or along the bar thus suspended. This meri- 
dian is not always due north and south, and consequently it 
does not coincide with the astronomical meridian. Its devia- 
tion from the latter is called the declination. This declination 
is sometimes east and sometimes west. It is also called the varia- 
tion of the compass ; and in using a compass to determine the 
true north point, allowance must be made for such variation. 

28. The declination varies in different places, and is con- 
stantly changing for any one place. Its change is steady 
and progressive : after increasing up to a certain point on one 
side, it decreases, comes to nothing, and passes to the other 
side, where it increases to a maximum, and then commences 
to retreat. Thus in 1660 there was no variation in London ; 
the needle lay exactly north and south. In 1700 it had ac- 
quired nearly 10 degrees of deviation to the west, which 
went on increasing in this direction during the whole of last 
century ; and in 1800 it amounted to upwards of 24 degrees. 
From 1816 downwards it has been slowly decreasing. It 
must take several hundreds of yeai’s to go through an entire 
course. Besides this general movement in one direction, the 
needle shows other variations : it has a small daily vibration 
called the diurnal variation. From sunrise it begins its 
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westerly sweep, which continues till about five p.m. : it then 
retrogrades, and continues to move east until it has reached 
its mean position, where it settles through the night. This 
^ises from the sun^s action on the oxygen of the air (23, 24.) 

29. If a bar or needle is made to balance itself level or 
evenly in an axis before being magnetised, it will not lie even, 
if placed in the magnetic meridian, after it has been rendered 
a magnet. It points downward, or is said to dip. This dip 
or inclination of the needle is so great in some places as to 
make it stand nearly upright. But the dip varies with the 
latitude. On the equator the needle is nearly level ; in the 
regions about the north and south poles it approaches the 
upright position. In this country it inclines or dips about 
70 degrees. It is evidently owing to the earth’s magnetic 
poles being situated deep in the interior of the globe some- 
where in the arctic and antarctic circles. Captain Ross came 
to a place in 70° 5' north latitude and 263° 14' east longitude, 
where the needle stood perfectly upright, showing that the 
north magnetic pole was directly under that spot, being thus 
at a considerable distance from the north pole of the earth. 
On the other hand, there are places in the tropics where the 
needle has no inclination ; and every such place is said to be 
in the magnetic equator, which is formed by drawing a line 
through all the points where this perfect level occurs. The 
magnetic equator does not coincide with the earth’s equator, 
but deviates to each side of it, and forms on the whole a very 
irregular line. The level of the needle is evidently produced 
by the equal and opposing actions of the north and south poles. 
North of the magnetic equator the dip is north, and south of 
the equator it is south. 

30. There is the same constant fluctuation in the inclina- 
tion as in the declination of the needle. The inclination has 
been gradually diminishing in London for the last century. 
It also has daily variations. The aurora borealis has always 
an effect upon the magnetic needle, both in its declination 
and its inclination. Earthquakes and volcanic eruptions are 
accompanied with magnetic disturbances, which sometimes 
cause a permanent alteration of the needle. There occur, 
besides, agitations, called magnetic storms, which sometimes 
affect a whole continent simultaneously, and produce large 
vibriitions in all the magnetic instruments. From all these 
circumstances, it appears that the earth’s magnetism is under- 
going incessant fluctuations and changes, some gradual and 
steady, others sudden and momentary. 

31. Besides fthe inclination and declination caused by the 
earth’s magnetic polarity, the intensity of the action has 
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been made a matter of observation. This is measured by a 
separate instrument, and it is found to be least on the mag- 
netic equator, and to increase gradually towards the magnetic 
poles ; but like the other two elements, it is continually vary-^ 
ing in the same place. 

32. In regard to inducing magnetism upon iron, the earth 
acts like an ordinary magnet. A bar of iron, pointed to the 
pole like a dipping needle, and hammered, or cooled, or rusted 
in that position, becomes a magnet. So certain is this effect, 
that hardly any iron is ever found free from magnetism. The 
earth’s inductive effect is rendered permanent in pieces of iron 
by the various modes of working and employing them, as well 
as by the spontaneous oxidation which occurs when they are 
lying unused. In high north latitudes, pokers and bars that 
usudly stand on end inevitably acquire a small deg-ree of 
magnetism. In the tropics, bars which lie on the ground 
nearly north and south are affected in a similar way. 

33. The magnetic force, like all other influences spreading 
or radiating from a centre, diminishes as the square of the 
distance increases. 

MAGNETIC INSTRUMENTS. 


34. The apparatus designed to exhibit magnetic actions, not 
only serve for the study of the phenomena in a scientific point 
of view, but have also very important practical applications. 
The mariner's compassj which is a declination needle, serves to 

guide navigation in the 
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of which are marked thirty-two points. The preceding figure 
represents this card : — North, south, east, and west, are the 
main or cardinal points, and are indicated by their initial 
Jietters respectively, while the subordinate points are also 
marked by letters, as N 6 E for north-by-east, N N E north- 
north-east ; and so on. To be able to recite the various points 
is said to “ box the compass.’^ The card and needle are fixed 
in a round hox^ enclosed by a sheet of glass, to secure it 
both from the agitation of the atmosphere, as well as to 
exclude dust, moisture, and other things which might inter- 
fere with the correctness of its indications. The whole is 
enclosed in another box, suspended by two concentric brass 
circles or gimhaU^ as they are technically called, and in such 
a manner, that the compass hangs, as it were, on points like 
a swivel, by which, during the pitching and rocking of the 
ship, the needle and its card remain in a horizontal posi- 
tion, and under all circumstances of motion indicate the 
various points correctly. 

35. The dipping or inclination needle has to be suspended 
on an axis, with an upright 
graduated rim attached to it, to 
show the amount of the inclina- 
tion. The instrument is repre- 
sented complete in the figure. 

36. A great improvement has 
been effected in the use of the 
compass by taking into account 
the action of the iron of a ship 
upon It, and providing a method 
of neutralising this action, whose 
effect would of itself render in- 
accurate the indication of the 
needle. A ship necessarily con- 
tains a large quantity of iron, 
which is sure to have some de- 
gree of magnetic power ; and as 
the compass hangs in the stern, 
the attraction of the iron will always tend to make the 
needle turn to the direction of the ship's motion. It has been 
actually found that this source of disturbance is sufficient to 
cause very great mistakes as to the courses of vessels. The 
remedy for it was invented by Barlow, and is called Barlow's 
Protecting Plate. It is a plate of iron, fixed behind the com- 
pass, or between it and the stern of the ship, ^hich of itself 
would produc^ a disturbance of the needle ; but it may be so 
adjusted that its action shall be exactly equal to the action 
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of the other iron of the ship. Although this counteracting 
plate weighs only a few pounds, yet, by its nearness to the 
needle, it can be made as poweriul as the whole mass of the 
ship^s metal, whose average distance from the compass is 
necessarily considerable. The adjustment is made by find- 
ing out first the disturbance produced by the vessel on the 
compass ; which is done by comparison with a compass 
placed out of the reach of the disturbing influence. The 
plate is then mounted in connection with the compass, and 
moved farther or nearer till it cause exactly the same amount 
of error, and the position thus found is made permanent. The 
ship^s compass is taken on shore when this last operation is 
performed; and a complete neutrality can thus be effected. 

THE MAGNETIC FLUIDS. 

37. To account for the magnetic phenomena, it has been 
supposed that there are contained in the structure of iron and 
other magnetic substances two subtile fluids destitute of 
weight, colour, or sensible appearance, but imparting great 
energy to the solid matter. A portion of one fluid strongly 
repels another portion of the same fluid, but strongly attracts 
a portion of the other fluid. Each atom contains about it a 
certain quantity of both. In the unmagnetised state, the two 
neutralise each other, and have no influence of any kind ; but 
^>J excitement, one fluid is driven towards one end of an 
atom, and the other accumulated at the other end. Being 
prevented, by the cause which rouses the excitement, from 
coming together upon the same atom, through their mutual 
attraction, they produce attractions between adjoining par- 
ticles. The fluid accumulated at one end of one atom attracts 
the opposite fluid at the end of another atom ; and as the fluids 
cannot quit their respective atoms, these are drawn together 
at their unlike ends. When two atoms are lying contiguous, 
if one has its fluids excited and polarised, the fluid accumu- 
lated at one end will draw the opposite fluid of the adjoining 
particle towards itself, and repel the fluid like to it (as the 
moon draws the water in the earth under herself), and the 
second atom will thus be polarised by the inductive power of 
the first. This second atom will have a like action on the 
third, and polarity will thus be propagated like waves. Each 
excited pole will cause an opposite excitement in the adjoining 
side of the next atom, and a like excitement in the far-off side. 

38. This hypothesis serves in some measure to represent or 
express the actions which are seen to occur ; it^ cannot be said 
at all to explain them. 
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39. The electricity of Friction or Tension is the excitement 
that first received the name of electricity ; and it is still called 
Common Electricity. It is usually developed by means of 
friction, although there are many other sources of it. Its 
most appropriate name is Tension Electricity — meaning that 
it possesses a high degree of tension, or tigntness, or energy, 
so that when it is discharged, it strikes a sudden and power- 
ful blow on whatever comes in its wajr. It ag’rees with mag- 
netism in being a permanent and self-sustaining excitement ; 
it is contrasted with magnetism in its being producible on 
almost all substances, and in its being very liable to be dis- 
charged or reduced to neutrality. 

40. If we take a stick of sealing-wax, and rub it with a 
dry woollen cloth, we shall find that it has acquired the power 
of attracting light bodies, such as little bits of paper or fine 
dust. In its ordinary condition the wax has no such pro- 
perty ; the attraction is caused solely by the excitement of 
the rubbing. A piece of amber (electron), or any resinous 
body, will show the same phenomenon. A glass rod, well 
dried and rubbed with a piece of silk, will in like planner 
become attractive for light bodies. 

41. The entire range of this action is best seen by suspend- 
ing a feather, or a pith-ball, by a silk 
thread, on a stand such as that in the 
figure. The lightness and mobility of 
the ball (b) make it a very delicate test 
of the existence of attraction. If, then, 
we bring the rubbed wax («>) near the 
ball, it will be attracted ; but on the 
instant of touching, the attraction seems 
to cease : the ball drops away from the 
wax and flies off, and is now repelled by 
it ; so that if we bring the wax near the 
ball, the latter moves still farther away. The contact brought 
about by the attraction at first has led to the communication 
of something to the ball, which causes it to be actively re- 
pelled bv the wax. A rod of glass will exhibit the very same 
train oi actions — first attraction, then contact, and lastly 
active repulsion. 

42. If, now, we compare the effects of wax and glass on the 
same ball, a |iew distinction appears. Let the ball be acted on 
by the excited wax, or be attracted, touched, and finally re- 
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pelled. While in this state of repulsion by the wax, let an 
excited g*lass rod be brought near it — it is instantly attracted 
by the glass, brought into contact, and then repelled. If the 
wax be now brought near, the ball will be attracted once more , 
so that there is evidently an opposition in the characters of 
excited wax and excited glass ; what the one repels, the other 
attracts, and what the one attracts, the other repels. They 
are like the opposite poles of a magnet. The friction thus 
developes a force which is polar in its nature. The discovery 
of the difference between wax and glass has led to the belief 
in two kinds of electricity — the one called resinous, from its 
being the excitement of wax and resinous bodies ; the other 
vitreous, or the excitement of glass. 

43. If we now take two pith -balls, and suspend them 
together or near one another, and apply the excited wax, we 
find both attracted, sticking for an instant on the wax, and 
then driven off, and both held at a distance by repulsion ; 
but besides being repelled by the wax, we see that they are 
also repelled by one another. The very same happens with a 
glass rod, or any electrified substance ; so that when two 
bodies have touched one and the same excited body, they 
acquire a mutual repulsion. It is now plain that the balls 
have received some influence by touching the wax, for after it 
is taken out of the way, they continue actively to repel one 
another. From this we infer that a body electrified by fric- 
tion can communicate its excitement to another body by 
touching it ; so that the excitement does not remain fixed in 
the place where it was produced, but can run along from one 
surface to another. This conveyance from place to place is 
called conduction. While the pith-ball lies on the surface of 
the wax, it receives a portion of the wax’s excitement upon 
its own surface ; and when two balls have each acquired ex- 
citement in this way, they show it by repelling each other, 
just as the wax itself repels one or both of them. It is mani- 
fest that the electricity that passes upon the pith-ball from 
the wax is of the same kind as the w*ax itself possesses. This 
can be still better proved by comparing, as follows, the wax 
with the opposite substance, or with the glass rod. 

44. If the glass rod is used exactly as we have described in 
the case of the wax, the same thing will happen by means of 
it : the two balls will be both attracted, then both repelled, 
and when the rod is withdrawn they will remain repelling 
one another. But let us next act on one of the balls with the 
wax, and on the other with the glass, until the one ball is 
seen actively repelled by the former, and the c ther actively 
repelled by the latter. In this state let the balls be brought 
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within a little distance of each other ; they instantly attract 
and fly tog'ether. Thus when both balls receive excitement 
from one substance, they repel, when they receive excitement 
/rom opposite substances, they attract, one another. The wax 
by touch g’ives its resinous excitement, and the glass a 
vitreous excitement ; and the opposition of polarities thus 
created causes attraction, as in the magnet. 

45. We have therefore the following general results aris- 
ing from the rubbing of substances : — 

l5#, A great number of bodies, by being rubbed, acquire an 
electrical excitement, shown in attracting other bodies. Both 
the substances rubbed and the substances attracted may be as 
various as possible ; showing that the property is not special 
and confined to one or a few substances, like magnetism, but 
universally diffused. 

This excitement can be communicated by touch to other 
bodies ; showing that it does not remain attached to the ex- 
cited particles, but may run along a surface and seize other 
particles, and give them the same power as if they had been 
themselves acted on by the rubbing. This property of con- 
duction is not seen in magnetism. 

ddj There are two opposite kinds of the excitement : exem- 
plified, the one in wax, and all resinous bodies ; the other in 
glass (vitreous). 

4^4, When two bodies receive the same excitement, they 
repel each other ; when they receive opposite excitements, 
they attract each other. This is the law of magnetic excite- 
ment also. 

46. It is found that the force of the attraction, or the repul- 
sion caused by electricity, is inversely as the square of the 
distance ; whence it resembles not only magnetism, but gra- 
vitation, heat, light, and sound. 

47. It is necessary to state here the explanation given by 
Franklin of these phenomena, as it led to the adoption of the 
terms positloe and negative^ instead of vitreous amd resinous, 
to express the two electricities. He imagined a fluid per- 
vading all matter, strongly self- repulsive like a highly- 
elastic gas, and spreading itself as wide as it possibly can. 
This great repulsiveness is, however, modified by its second 
property, which is an energetic attraction or adhesion to all 
material bodies, so that each substance contains a quantity of 
fluid pervading it throughout, and firmly bound to each atom. 
In ordinary circumstances it is in a state of rest or equili- 
brium, or so counteracted by itself that it makes no motions of 
any kind ; hut when two bodies are rubbed together, the 
equilibrium is disturbed, one of the bodies acquires more than 
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its natural share, and the other less : the one contains, as it 
were, condensed fluid or ether ; the other rarefied fluid. But 
this forced inequality cannot last : the condensed fluid tends 
to rush towards the rarefied portion, and in so doing, drags 
with it the substance it resides in, so that there is an attrac- 
tion of the bodies themselves when their containing fluids 
are of unequal strength. Hence the tendency to come to an 
equilibrium, joined with the adhesion to the particles of bodies, 
brings on the attraction which we see. On the other hand, if 
two bodies have both an excess or a condensation of the 
fluid, their repulsion will be above average, and they will 
move away from one another. 

48. This hypothetical assumption is not sufficient to explain 
all the phenomena ; but it agrees with some of the most promi- 
nent of them, and brings out an additional fact, not apparent 
from any of the foregoing experiments, but completely estab- 
lished by other experiments, which we shall state as the fifth 
general law of electrical excitement. 

6th, When a body is electrified by being rubbed, the rub- 
bing body also receives an equal and opposite excitement. 
Thus the cloth that rubbed the wax is electrified as much as 
the wax, but with the opposite kind — that is, of the same kind 
as glass acquires. So the rubber of the glass rod is resinously 
electrified. 

49. Now', according to Franklin, electrical excitement is the 
same as an excess or a defect of the electrical self-repulsive 
ether ; and accordingly he calls the one excitement plus or 
msitive electricity, the other minus or negative electricity. 
These terms are found to be so appropriate that they have 
been retained, and extended to all the current electricities to 
be afterwards described. The electricity produced on glass is 
what is chosen as positive ; that on wax is therefore, negative. 
It is therefore to be distinctly borne in mind that 

Glass or vitreous electricity is positive. 
or resinous electricity is negative. 

When a pith-ball touches sealing-wax, it is negatively electri 
fied; when it touches glass, it is positively electrified. The 
cloth which rubs wax is positive ; the cloth which rubs glass 
is negative. Positively electrified bodies repel each other ; 
negatively electrified bodies also repel each other ; a positive 
body and a negative attract each other. 


CONDUCTORS AND INSULATORS. 

50. Although the word conduction is used |o express the 
travelling of electrical excitement from one surface to another, 



CONDUCTORS AND INSULATORS. 


27 


the passage of electricity is veiy different from the passage of 
heat, also expressed by conduction. Heat is conveyed slowly 
from one portion of a mass to another, or from one body to 
ianother in contact with it; electricity passes quickly, and 
sometimes, we may say, instantaneously. Heat penetrates the 
interior, electricity travels on the surface. Electricity is not 
radiant like heat ; it does indeed influence bodies which are at 
some distance, but the influence is quite of another kind from 
conduction, or from what passes by touch or contact. 

51. But although conduction is a general property of the 
electrical excitement, it is very different for aifferent bodies. 
On some surfaces the excitement runs from end to end with 
such quickness that no sensible time elapses ; on others it 
travels slowly, so that a rod might be strongly excited at one 
end, and yet remain a long time neutral at the other end , 
such a body would be called a bad conductor. But the word 
insulate is used as the opposite of conduct ; when a substance 
retains the electricity, and resists its passage from place to 
place, it is said to be ViXi insulator ; the electricity is cooped 
up there as in an insula or island. 

52. The substances we have mentioned as convenient for 
producing electricity — namely, wax, resin, amber, glass, &c. 
— are all bad conductors, or insulators. The excitement on a 
stick of wax remains almost on the very spots which are rubbed ; 
it does not pass along the surface except in a very small de- 
gree. The same is true of a glass rod, but not to the same 
extent ; the glassy surface resists the passage sufficiently to 
be called a good insulator, but it does not resist so well as the 
wax. This property of insulating the electricity is essential to 
the success of such experiments as we have described with 
these substances : had the excitement run freely over the sur- 
face of the rods, it would have passed away by the hand, and 
disappeared as fast as it was produced, and the attractions 
would not have occurred. If the rods were wet, the effects 
would not be seen ; for water in the smallest film is a good 
conductor, and would carry away the excitement, so that 
we would not know that any had been really produced. 

53. The substances which form the best conductors are the 
metals. Although unequal in this respect, every one of them 
is a good conductor ; so much so, that no perceptible electricity 
can remain on any surface, if there be a metal in contact with 
it and connected with the ground. The following table exhibits 
a series of bodies in the order of their conducting power: 
those at the top are the best conductors, those at the bottom 
the worst coftductors, or the best insulators. Read from above 
downward, it exhibits the order of conducting power ; from 
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below upward, it shows the order of insulating power ; so that 
we can give it the one title at the top, and the other at the 
bottom : — 


CONDUCTORS. 

Metals. 

Cliarcoal in its various forms. 

Fused clilorides, iodides, and salts generally. 
Strong acids. 

Alkaline solutions. 

Water. 

Alcohol. 

Damp air. 

Vegetable bodies. 


Animal bodies. 

Spermaceti. 

Glass. 

Sulphur. 

Fixed oils. 

Turpentine. 

Resins. 

Ice. 

Diamond. 

Shell-lac. 

Oxalate of lime. 

Dry gases. 

INSULATORS. 

54. It will thus be seen that charcoal stands next to the 
metals ; but this holds only of its pure forms, such as plum- 
bago and well-prepared wood charcoal. In coal there is a 
mixture of oily and pitchy matter, which lowers the conduct- 
ing power, because these substances stand low in the table. 
Fused salts are good conductors, and next to them salts not 
fused. Acid and alkaline solutions are better than water. 
When vegetable and animal bodies are spoken of as inferior 
in conducting power to water and alcohol, it is to be under- 
stood that they are quite drg. Living vegetables and animals 
are always moist, which will give them almost the same con- 
ducting power as water. The best insulators are seen to be 
the dry gases; that is, gases free from steam and vapour. 
Water is a good conductor only in its liquid state ; ice stands 
low ; and steam is not a conductor, but it is so liable to deposit 
water or dew on the surfaces of bodies, that its presence is 
generally adverse to insulation. ShelUlac is very much used 
as the best practical insulator; it belongs to the class of 
resinous bodies, but excels all the others of its kind in this 
peculiarity. Glass stands much below the resins in insulating 
power, and it is surpassed by sulphur ; but on account of its 
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hardness and strength, it has very frequently to be adopted as 
an insulator. 

55. It is convenient to draw a line in the above table at the 
place where, for practical purposes, conduction ceases and 
insulation begins. This line is taken between vegetable and 
animal bodies : a dry vegetable substance, such as a piece of 
wood or a linen thread, is a conductor, though an imperfect 
one ; a dry animal substance, as a silk thread, is reckoned an 
insulator, and used as such. The farther we go from these on 
either side, the respective peculiarities become more intense 
and decided. For good conduction, a wire of some metal, 
such as copper, is used ; for good insulation, glass, or wax, or 
shell-lac, may be chosen. But the veiy best insulators are 
made conductors by being damp ; hence dryness of surface 
must be carefully attended to. An electrical eel, brought to 
this country some time ago, was killed by a water-rat in spite 
of its electric discharges; which, though sufficient to stun 
very powerful animals, had no effect on the rat, whose fur is 
unwetable by water, and therefore, as a dry animal substance, 
pro'ved a good insulator. 

56. The substances presented in the table are merely a 
selection from the general mass of existing substances. Every 
body in nature is either a conductor or an insulator of elec- 
tricity ; but the foregoing list will suffice to show with what 
other properties a conducting or insulating power is usually 
combined. It is evident, for example, that the gaseous state 
tends strongly to insulation ; that bodies abounding in com- 
bustible material, such as the resins, are insulating ; that the 
presence of water always causes conduction ; and so on. The 
character of a very wide range of substances is determined 
since the rank of metals and of vegetable and animal bodies 
is ascertained. 

67. It was formerly considered that the insulators were 
the only bodies that electricity could be excited on ; hence 
they were also called electrics^ while the conductors, such as 
the metals, were called non-electrics. But this supposition is 
false. The metals are excitable by friction the same as the 
resins ; but from their being good conductors, the electricity 
is apt to disappear from their surface as fast as it is formed. 
It is possible, by proper insulation, to make them electric, as 
well as sealing-wax or glass. In the electrical machine, the 
electricity is produced by the rubbing of a metallic surface 
on glass. The distinction of electrics and non-electrics, there- 
fore, is no longer admitted. 

58. The earth is considered the general reservoir of elec- 
tricity : whenever any excitement is connected wnth the ground 
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by a good conductor, it passes thither, and is lost by dissi- 
pation, like a wave spreading out on a boundless sea. The 
earth is generally neutral, or very slightly charged ; and elec- 
tricity of high tension will always run towards a body with 
either no charge, or with a feebler charge, and still more with* 
an opposite charge. If the earth were negatively electrified, 
positive electricity would run towards it with still more 
energy than if it were neutral ; whereas negative electricity 
would not run thither, unless its tension or strength were 
greater than the tension of the earth’s charge. It is in all 
cases necessary to place insulators between an electrified body 
and the ground, in order to retain the charge. 

59. When an electrified surface, or an electric charge ot 
any kind, has two connections with the ground, or with neu- 
tral surfaces where it can spread, it always passes by the best 
conductor, even although this should be by far the longest 
path. Thus a metallic rod would be preferred to a line of 
water, water to dry wood, and wood to glass. 

THE ELECTRICAL MACHINE. 

60. In order to procure electricity in large quantities, and 

of great intensity, a 
rubbing machine is con- 
structed, called the Elec- 
trical Machine. Its es- 
sential parts are a cylin- 
der of glass mounted 
on an axle on which it 
may be turned, a cushion 
covered with a metallic 
paste, and a metallic 
cylinder to take the elec- 
tricity off from the glass. 
The figure represents 
such a machine. A A is 
the glass cylinder re- 
volving on an axis in the 
two supports B and B, 
which are either of wood 
or glass. E is a cylinder, 
carrying the cushion that 
rubs on the glass. This 
cushion is commonly 

separable from the cylinder, and when placed in it, rests on a 
spring, which keeps it close to the glass during th& friction. The 
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cylinder E has a metallic surface of brass or tin, and it is 
supported on a pillar D, which is an insulator made of grlass. 
On the other side of the glass cylinder is the metallic cylinder 
Cr, destined to receive the electricity evolved on the former. 
It does not of itself rub on the glass, but it is armed with a 
row of brass points, which almost touch the excited cylinder, 
and which are specially adapted to carry off the electricity, 
and spread it over the metallic surface. This cylinder is 
called the Prime Conductor, or first receiver of the excitement, 
and it is supported by a glass pillar, H, in order to be insu- 
lated. As the electricity of glass is positive, this cylinder 
must always receive positive electricity ; hence it is called the 
Positive Prime Conductor. Since the cushion cylinder gets 
itself charged with negative electricity, it is called the Nega- 
tive Prime Conductor. The base of the pillar supporting the 
negative conductor is movable by a screw .v s, to regulate the 
pressure of the cushion. A flap of silk (K K) is fastened to the 
upper edge of the cushion, and covers the upper half of the 
cylinder ; this may both increase the friction given to the glass, 
and help to retain the electricity on the surface till it go round 
to the points on the prime receiver. The surface of the cylin- 
der and of the insulating pillars must be kept warm and dry 
during the working of the machine ; and for this purpose a 
permanent heating body is sometimes kept near, such as an 
iron heater or a lamp (F) applied to the hollow (D) of each glass 
pillar. Although the cushion cylinder is on an insulating 
stand, it is not generally insulated when the machine is 
worked ; insulation is used merely for certain special experi- 
ments. Accordingly, it is usual to connect the negative cylin- 
der with the ground by a chain. If it were not so connected, 
it would become highly charged with negative electricity, and 
resist the further disengagement of the excitement. 

61. The operation, then, consists in turning the cylinder 
rapidly by the handle W. Its surface is rubbed hard on the 
metallic paste, which the cushion is smeared with, and elec- 
tricity is evolved of both kinds. The positive excitement 
appears on the glass, and is carried round and taken off by 
the points of the prime conductor, and there accumulatea, 
being cut off from all conducting communication with the 
ground. The negative excitement is given to the metallic 
coating of the cushion, and thence to the whole of the nega- 
tive cylinder; but for the sake of getting additional excite- 
ment from the machine to the other side, this is carried to 
the earth by the chain. 

62. While the positive prime conductor is thus receiving a 
constant stream of positive excitement, we may derive from 
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it electridtj for any experiments that jre desire to make, or 
we may observe upon itself the various properties of electrical 
excitement. Such experiments as we detailed at the outset 
can now be made with far greater effect than with g-lass rods 
or sealing-wax ; the attractions and repulsions will be much 
more powerful. Feathers, pith-balls, and the like, will be 
attracted and repelled with rapidity and vehemence. And 
by means of metallic rods, electricity can be conveyed to any 
surfaces we please at any distance. 

63. A great number of striking and beautiful experiments 
can be made by electrifying bodies, and making them display 
the attractions and repulsions caused by the electricity. For 
example, in the figure, B is an 
insulating stand formed of a 
glass pillar, A is a brass knob at 
the top of the pillar, and through 
this nob runs the brass rod Cl), 
which suspends by a metallic 
chain the metallic plate E. A 
second plate F lies a few inches 
beneath the first, and rests on a 
stand which is not insulated. 
A few light figures of pith or 
other substance are laid upon 
the lower plate, and the end of 
the rod C is broug'ht into con- 
nection with the prime conduc- 
tor of the machine, either by touching it, or communicating 
by a chain or rod, or by being so near, that the electricity can 
fly off to it in sparks. If the machine is now worked, and 
electricity conveyed off to C, it will run along C D, and down 
to the upper plate, and remain there, since it cannot go down 
by the glass pillar to the earth. The upper plate, in conse- 
quence of its charge, will attract the figures from the lower 
plate, and make them fly up to it ; but as soon as they touch, 
they will become themselves electrified by conduction, and be 
repelled or thrown down from that plate; hut they no sooner 
touch the lower plate, than they give away their excitement 
to it, whence the charge passes off to the ground, and they 
are neutral as before. The upper plate now attracts, and elec- 
trifies, and repels them again ; and they move up and down 
a second time, and discharge their excitement to the lower 
conductor, and are ready to be attracted upwards a third 
time, and so on. In short, so long as the upper plate is elec- 
trified, they are kept dancing up and down ; h^nce the name 
Dancing Figures is given to the apparatus. 
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64. The Electrical Bells is another apparatus for showings 
the same effect. The stand B carries upon it at a little height 
a bell b\ and above the bell a glass 
insulating rod terminating in the 
brass knob A. From A proceeds 
four brass rods, and from their ex- 
tremities are suspended by brass 
rods or chains four bells a, h, c, d, 
hanging on a level with the ball h' 
on the pillar. Four brass balls 
are suspended by silk threads from 
the arms running out from A, so 
as to hang between the outer bells 
and the central one. Electricity is 
then conveyed to the central knob, 
or to any of the arms, and runs 
over the whole of the arms and 
the outer bells, but it is prevented 
by the glass pillar from passing to the middle bell, and by 
the silk threads from passing to the brass balls. The outer 
bells are therefore highly charged with the electricity of the 
positive prime conductor, and each attracts the ball next it. 
The balls move up, therefore, and strike the bells; but no 
sooner touch them, than they are repelled, and fly in the 
direction of the central ball ; which, being neutral and unin- 
sulated, takes off their electricity, and with it their repulsion 
from the outer bells ; so that the instant they strike upon the 
neutral centre, they are again attracted to the electrified bells, 
and immediately repelled as before. Thus, by incessantly 
swinging between the two, they keep up a tinkling as long 
as the electricity continues. 

65. Another set of experiments on the same principle is 
made by feathers, heads of hair, or like bodies. When these 
are electrified, the repulsion that bodies in the same state 
always manifest, causes the hair to bristle up, and spread 
itself out as far apart as possible. 

66. It can be easily proved by the machine, that while the 
glass cylinder acquires positive electricity, the rubber becomes 
negative. For this purpose the cylinder containing the rubber 
is insulated by removing the chain usually attached to it, 
and the positive conductor is connected with the ground. In 
this state the conductor that has the rubber will be excited, 
and its excitement can be turned to the same account as the 
other in such experiments as the above. But to test its cha- 
racter, we majiuse a suspended pith-ball and a piece of sealing- 
wax, which we know when rubbed to be negative. Let the 

c 
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sealing^-wax attract the pith-ball, and electrify it with its own 
kind, so as to repel it. Let the ball now approach the elec- 
trified conductor, which ought to be feebly charged ; and it 
will be repelled by it also, showing that the electricity of thi^ 
conductor is the same as that of the wax, or negative. If the 
ball had been excited by touching a glass rod, it would have 
been attracted by the cushion conductor. Such experiments 
will not succeed if the conductor is powerfully charged, be- 
cause in that case the trifling excitement given by a piece of 
wax is completely overwhelmed by the conductor’s excite- 
ment, and the ball is acted on as if it were neutral. A piece 
of excited wax, or any resinous surface, serves on all occasions 
to test which of the two electricities is produced. 

07. The metallic paste smeared upon the cushion (a hair- 
cushion covered with chamois leather) is what is called an 
amalgam; that is, a combination of mercury with other metals. 
If a bar of tin, lead, or zinc, or any metal, be dipped into a 
vessel of mercury, the mercury' will partially dissolve it, like 
water with a salt. A solution in this way of any other metal 
in mercury gives an amalgam. The mixture used for the 
electrical rubber is one part of tin and two of zinc to six of 
mercury ; but different proportions have been used by diffe- 
rent experimenters. With the addition of so great a quantity 
of solid metal, the mercury loses its extreme fluidity, and 
becomes viscid and pasty, approaching to an incoherent soft 
powder. It is spread on the cushion with the blade of a knife, 
and requires to be renewed from time to time; for besides 
being dissipated by the action of the machine, it seems to 
undergo some chemical or other change that gradually takes 
away its power of exciting the electricity. 

68. Another form of the electrical machine, more powerful 
than the one just described, is what is called the Plate Ma- 
chine ; that is, instead of a cylinder, a flat circular plate is used. 
The cushion must then be double, so as to hold the edge as 
between one’s finger and thumb; and the other parts must 
correspond to the shape of the glass. Two rubbers and two 
sets of points are commonly applied to the plate’s edge, divid- 
ing it, as it were, into four quarters. The objection to such 
machines is their liability to crack, by the heating that all 
machines must undergo to make them thoroughly dry before 
being wrought. But a cylinder machine can be much im- 
proved in power by attaching' two rubbers to the cylinder, one 
above and the other below, and enclosing both sides of the 
cylinder with rows of points, and also by reducing the thick- 
ness of the prime conductor (which must have, the shape of a 
spur whose arms contain the two rows of points) to about an 
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inch. Such a machine has been constructed bj Mr Straton of 
Aberdeen ; and it yields many times the quantity of electricity 
that would be given by a machine of equal size made in the 
ordinary form. 

69. A machine of great power has been constructed, which 
receives the name of Armstrong’s Hydro-Electric Machine. 
It was observed by Mr Armstrong, that a jet of steam rushing 
out from an iron boiler, made the boiler give off electric 
sparks, showing that it had been electrified by this action. 
Accordingly, iron cylinders have been formed like the boilers 
of steamboats, and mounted with tubes for the escape of the 
steam in the form of jets. The steam is raised to a pressure 
of two or three atmospheres before the tubes are opened. It 
is then allowed to rush out in a row of jets, and in doing' so it 
communicates nerjativc electricity in great quantity, and of a 
very intense kind, to the whole outer surface of the boiler, 
while it is itself positively electrified in an equal degree. The 
boiler being supported on glass pillars, in order to be insu- 
lated, becomes so intensely charged that, if not relieved, it 
darts off sparks to great distances. No rubbing machine can 
equal such an apparatus in power. 

70. The mode of action in this machine has been thoroughly 
investigated and explained by Faraday. He has shown that 
the electricity arises from the friction of water globules against 
the' edge of the steam-holes. When the steam rushes out at 
high pressure, it carries a shower of water particles with it, 
and these act as a rubber upon the metallic surface of the 
boiler ; and the strong friction between water and iron is the 
source of the electricity. If the steam is dry — that is, if it is 
perfect steam, or the true elastic gas of water, and free from 
cloudy or watery particles — it produces no excitement what- 
ever. If atmospheric air, or any other dry gas is used, there 
is no electricity excited ; and it is completely proved that a 
gas can in no case serve as a rubber to evolve electricity. But 
if the gas carry with it a shower of particles either solid or 
liquid, the surface that it rushes through becomes electrified, 
and the solid or liquid particles acquire the opposite excite- 
ment. It depends upon the substance used what is the kind 
of electricity given to the metal. The iron boiler is made 
negative by the water particles in the steam current ; but if 
we substitute for water oil of turpentine, olive oil, resin, or 
other similar bodies, the solid rubbed by them is positive and 
the jet negative. Either steam or dry air may be used to 
carry the powder, the gas having no action but to sustain 
the rubbing Stream. The action ceases if the water-drops 
contain any trace of acid or salt, which would render them 
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much better conductors of electricity than drops of pure water. 
It is from its being too good a conductor, that a metal cannot 
be electrilied by ordinary rubbing, like a piece of amber or 
wax. But the rapid rush of waterjr particles succeeds in, 
charging even a metallic surface. It, however, the water is 
rendered too good a conductor, by an acid or a salt being dis- 
solved in it, the difficulty of keeping the electricities apart is 
rendered so much greater. 

electhoscopes and electrometers. 

71. An instrument for showing the existence of electrical 
excitement is called an Electroscope ; an instrument for not 
only proving it to exist, but also measuring its strength or 
tension, is called an Electrometer. There are many instru* 
ments of both kinds : — 

72. A pair of pith -balls hung together serve to indicate 
the presence of electricity. If they are brought into contact 
with an excited surface, they become both charged with the 
same kind, and repel each other. Of course, if the surface 
touched is neutral, there will be no action. 

73. The Gold-Leaf Electroscope is on the 
same principle, but far more delicate. It 
is represented in the adjoining figure. A 
glass vessel has inserted in it a metallic 
rod terminating in two gold leaves, and 
surmounted by a metallic plate. The rod 
passing through the neck in the bottle is 
covered with shell -lac varnish, and sur- 
rounded besides by a glass tube. A very 
small degree of excitement communicated to 
the metallic plate will cause a divergence of 
the gold leaves. To ascertain the kind of 
the electricity, it can be compared with the 
influence of sealing-wax. 

74. Both the pith-balls and the gold-leaves 
serve as electrometers to a certain extent ; for in proportion 
to the strength of the charge will be the distance of the 
repelled balls or leaves. And if we estimate this distance by 
a graduated scale, we shall have a measure of the electrical 
tension. But there are many other arrangements for measur- 
ing the excitement, such as the following : — 

75. The Quadrant Electrometer is represented on next page : 
A B is the stand, and g a semicircle of ivory, graduated 
according to the divisions of a circle. Fron^ the centre c 
hangs a strip of cane, with a pith-ball I at its other end. If, 
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now, the stand is connected with an electrical surface, so as 
to be itself electrified, the pith-hall hang'ing by it will share 
in the excitement, and be repelled, and rise 
up the scale. The degree to which it 
ascends will be a measure of the strength 
of the electricity. 

76. Volta’s Electrometer is analogous to 
the gold-leaf apparatus ; but instead of gold ^ 
leaves, it has two straws hung from hooks 
at the end of the metallic rod. A scale is 
fitted up in the glass vessel to measure the 
divergence of the straws. This instrument 
is much more delicate than the quadrant 
electrometer. 

77. For measuring very strong charges, 

•an apparatus of a larger kind is made use 
of. Such is what is called the Balance Electrometer, where the 
strength is measured by the weight which can be overcome by 
the repellent power of an electrical charge. One end of a rod 
balanced on the middle lies upon another rod, both ending in 
balls or knobs ; when an electrical charge is communicated to 
the apparatus, the two balls repel each other, and the end of 
the balanced rod rises. The weight which can be lifted up by 
the rising end is a measure of the strength of the charge. 

78. The Torsion Balance of Coulomb is a very important 
instrument, both in electricity and in other departments, for 
the delicate measurement of forces. A rod is suspended by a 
thread, so as to hang horizontally like the beam of a balance ; 
and when this rod is acted on by any force, there is no resist- 
ance to overcome but its own inertia, and the twisting of the 
thread ; the last is so very slight, that a large sweep of the 
rod takes place from a very faint action, and thus the minutest 
degrees of force can be measured and compared. Coulomb 
invented this instrument to investigate the law of electric 
force in relation to distance ; and by it he proved that elec- 
tricity resembled gravity and other central forces, and dimi- 
nished as the square of the distance increased. 

INDUCTION. 

79. It has been seen that when electricity is evolved, both 
kinds are formed at the same time. The one of the two rubbed 
bodies has a positive charge, the other an equally strong nega- 
tive charge. The same principle extends farther ; we find 
that a charg% cannot even exist on a surface unless there be 
on some adjoinmg surface an equal and opposite cliarge. Posi- 
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tive electricity cannot be insulated, and made to remain by 
itself ; it will not pass into any situation where it cannot be 
accompanied with a counter charge of negative excitement. 
The polar character is rigorously sustained in frictional elec- 
tricity, as well as in magnetism ; we can no more have one 
kind of excitement alone by itself, than we can have a magnet 
all north or all south. 

80 . When a surface charged with electricity of one kind 
is in the neighbourhood of other surfaces, but not touching 
them, it communicates to them the opposite electricity. The 
apparatus best adapted for demonstrating this is a set of brass 
cylinders rounded at the ends, and placed on insulating Stands. 



Thus let m be the prime conductor of a machine; c and c', two 
insulated cylinders laid end to end at n little distance from 
each other and from the conductor; and b a brass ball, with a 
pith-ball h' suspended to it. When, the machine is wrought, 
the whole of the surface of m has positive electricity. Now 
the action of uj)on the adjoining cylinder is such, that the 
nearest end r is electrilied negatively, and the remote end v 
electrified positively. The cylinder has received no electricity 
by conduction ; it has become polarised by induction, exactly 
as happens in magnetism. The middle n is neutral, and the 
two ends are charged with equal and opposite excitements. 
But this cylinder exerts its action on the second cylinder in 
the same way ; the end of which next v is negatively charged, 
and the other end positively charged. The ball h also is 
affected by the positive end of the second cylinder, and made 
negative at one side and positive at the other, where it repels 
the pith-ball. Thus the prime conductor, without parting 
with any of its excitement by conduction^ poLarises a series 
of bodies by its inductive power. There is no limit to the 
number of bodies that might thus act on each other, except 
the tension of the conductor; but the action on each successive 
surface becomes gradually feebler. 

81 . If the remote end of one of the cylinders is connected 
by a conductor with the earth, the charge on tlfat end passes 
off to the earth, and the opposite electricity spreads over the 
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whole surface of the cylinder. Thus if the positive excite- 
ment of V, the far end of the first cylinder, were conducted 
away, the cylinder would possess all over a neg’ative chai’g’e, 
^s if it had been connected with the nep^ative prime con- 
ductor of the machine. But if, on the other hand, without 
conductint^ off any portion of the induced electricity from any 
of the surfaces, we withdraw the prime conductor ///, whose 
tension caused the succession of polarities, they all instantly 
return to their original neutral condition. The presence of 
the primitive source is necessary to sustain the action ; and 
when this fails or is cut off, it is like the removal of a magnet 
from a soft iron bar — the temporary excitement ceases. 

82. We may now understand why an electrified surface 
attracts a neutral or unelectrified body, such as a pith-ball. 
It is not that electricity causes attractions between excited 
and unexcited bodies, the same as between bodies oppositely 
excited ; but that the pith-ball is first rendered opposite by 
induction, and attracted in consequence of this opposition. A 
pith-ball at a few inches^ distance from an electrified surface, 
18 charged with electricity by induction; and the kind being 
contrary to the kind of the -surface, attraction ensues; when 
the two touch, they become of the same kind by conduction. 
The case of attraction by excited surfaces is the same as the 
magnet’s attraction for iron ; an opposite excitement is first 
communicated to the body, and it is then attracted. If a 
series of cylinders were electrified as above shown, they would 
all tend to attract eacli other by their opposite poles. 

83. It is a fact only lately discovered, that neither the 
prime conductor of the machine, nor any surface whatever, 
can receive or contain electricity, unless there be other sur- 
faces near to contain an opposite charge of the induced kind. 
Whatever bodies are in the neighbourhood, the walls and 
furniture of a room, See. are made use of for this purpose, as 
well as anything that is casually brought near. If the sur- 
rounding surfaces are easily excited, and can take on the 
induced electricity well, the judine conductor of the machine, 
or any connected surface, may acquire a higli charge ; but if 
these surfaces are difficult to excite, if they are of the non- 
conducting kind, the prime conductor will receive only a 
feeble charge. The second pole is in this case not readily 
observable — it lias a sort of irregular character; but decisive 
experiments were made by Faraday, which proved that where 
there is not a confronting surface for the induced charge, it 
is impossible by the most powerful machine to put the least 
possible excitement on any surface whatever. It had pre- 
viously been shown, that if the outer surface of a hollow 
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sphere were charged, no electricity would pass to the inside, 
although there were a free communication hy holes ; and 
Faraday put the thing to the test on a large scale by con- 
structing an insulated room, which he went into with hii^ 
electroscopes, while the outside was charged by a large ma- 
chine ; whereupon it was found that no trace of excitement 
appeared in the inside. The reason is, that there is not room 
in the interior of a continuous hollow surface for both excite- 
ments to exist apart, and yet confront one another. 

84. There is a limit placed to the accumulation of electric 
excitement on any surface. But the better the opposition sur- 
face given for the induced electricity, the higher the charge 
that it is possible to communicate. Accordingly an apparatus 
was devised last centuiy by a Dutchman of Leyden, thence 
called the Leyden jar y which completely suits the polar nature 
of the charge by providing two equal surfaces, held apart by 
an insulating medium, to receive both the primary and the 
induced electricity. The simplest form of this double-surface 
apparatus is a pane of glass, with a coating of tinfoil on each 
side, the coatings being equal to one another, and smaller 
than the glass, so as to leave an uncoated margin all round, 
as represented in the figure. If one 
of the coatings is connected with the 
machine, and positively charged, it 
will act by induction through the 
g'lass upon the other coating, and ex- 
cite it in the manner already described 
in the case of the row of brass cylin- 
ders. The near or inner surface of 
the second coating will be made nega- 
tive, and the other surface positive; 
and if the coatings are insulated, this 
state will continue. But if the outer 
side of the second coating is connected 
with the ground, and the positive 
induced charge taken off, the surface will have only a nega- 
tive charge left corresponding to the positive charge of the 
first coating, directly derived from the machine. We have 
thus a true polar charge, a positive and a negative surface 
separated by an insulating medium. The excitement is now 
no longer but Jixed ; neither of the electricities will run 
off by touching the coating wuth a conductor ; they are, as it 
were, held locked in one another, and the apparatus is almost 
like an unexcited body. There will be no attraction of pith- 
balls, because the electricity does not need surlounding sur- 
faces to act upon by induction in order to maintain itself. A 
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very hi^h charge can now be administered, if we keep the 
outer surface of the second coating connected with the ground, 
while the first is connected with the machine. There being a 
proper surface for the induced excitement, the primary excite- 
ment can rise higher and higher; but it will not show its 
strength in the same way as on a single surface. The dead 
lock of the two prevents them from acting singly ; and we 
hardly know of the accumulation that has arisen, till the two 
surfaces are connected by a conductor, such as a metallic 
wire ; we then see a bright spark, and hear a sharp snap, as if 
a violent shock had been sent jbhrough the apparatus. 

85. The Leyden jar is a glass bottle with two coatings of 
tinfoil, one outside and the other inside. The coatings do not 
reach to the mouth of the bottle, so that they leave a rim of 
naked glass. A plug is fitted tightly into the mouth, and 
covered with varnish, and through the middle of it a brass 
rod is passed, with a chain hanging to its lower end, to 
make a connection with the inner coating. The upper end 
of the rod is formed into a round 
knob. The figure represents the 
jar with the apparatus used for 
discharging it; which last is a 
glass rod E to hold in the hand, 
and two brass arms connected at 
A by a movable joint. Through 
these two arras the two electri- 
cities run to meet one another, 
when one end touches the outside 
of the jar, and the other comes 
near the knob connected with the 
inside. In using the jar it may 
be held in tlie hand, and the knob presented to the prime con- 
ductor of the machine; the inside thus acquires a positive 
charge, and induces a negative one on the near surface of the 
outer coatinp it \ that is, on the inside surface. The 

outside surface of the outer coating would then be positive; 
but it being in the hand, the positive electricity passes away, 
and leaves the outer coating entirely free for a negative charge, 
which it thus possesses, and thereby fixes the positive charge 
in the inside. The transmission of more electricity from the 
machine to the inner coating, induces more on the outer, till 
the jar is as highly charged as the strength of the excitement 
communicated can make it. If, now, we tiy the outside with a 
pith-ball or other electrometer, we find no sign of electricity : 
if we try the inside through the projecting rod, we find indeed 
a veiy feeble charge ; but there is no appearance corresponding 
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to the actual excitement held by the two coatings. Let us 
next apply the discharging rod ; and having touched the out- 
side with one ball, let us approach the knob with the other; 
and while these are yet an inch or two inches apart, the tw/) 
electricities will flash together with the usual spark and 
noise. The tension or strength of the excitement is shown by 
the distance that may thus be broken through by the attrac- 
tion of the opposite states for one another; just as the strength 
of the excitement of the prime conductor of the machine is 
judged of by the distance that sparks will pass through to a 
conductor placed near. 

86. The electricity driven off from the outer side of the 
outer coating by the induction, instead of being conveyed to 
the earth, may be passed to a second jar, and may communi- 
cate to it a charge by the same process as the first jar is 

charged. Thus, in the figure, 
let the knob of the first jar, 

be in contact with the prime 
conductor of the machine, 
and let the outer coating be 
insulated, by resting the jar 
on a plate of glass or other in- 
sulating substance. A chain 
C passes from this outer 
coating to 13 the projecting 
rod of the second jar, whose 
outside communicates freely 
with the ground. I3y work- 
ing the machine, the inside 
of the first receives a positive 
charge, which excites a negative state in the outer coating, 
and in consequence drives off jiositivc electricity by the chain 
C to B, and thence to the inner coating of the second jar. A 
second induction now takes place; and in order to render 
negative the outer coating of this jar, positive electricity must 
be drivhn ofi* to the ground. Thus both jars are charged, and 
in the same way a succession of jars might be charged; but 
the second is weaker than the first, and the third than the 
second, and so on, until at last the excitement would be im- 
perceptible. After being charged, the jars may be discon- 
nected, and each discharged by itself. It happens in this 
case, as with the cylinders, that one polarity is but the com- 
mencement of an endless series of polarities which can be 
traced to a certain distance, growing weaker and weaker at 
every step. ^ 

87. The strength of charge which can be communicated to 
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a Leyden jar depends upon the thinness of the intervening 
p;lass. The whole quantity of the excitement will of course 
be p’eater as the jar is larger in size ; but its tension, strength, 
or intensity increases as the thickness of the glass is reduced, 
iThe glass olfers a certain resistance to the induction, and a 
certain degree of tension is expended in overcoming this 
intermediate resistance. The particles of glass are them- 
selves successively polarised, and it is only the surplus of the 
inductive power that reaches the other coating. Hence the 
charg'e on the second coating is never equal to the charge on 
the first; and consequently the reaction of the second does 
not suffice to fix the whole of the excitement of the other. 
This is the reason why^ certain amount of free electricity 
may be detected in the coating that was connected with the 
machine. If, however, this free electricity is taken off, the 
remaining quantity will become insufficient to support and hx 
the whole of the induced charge in the other coating, and a 
small portion of its electricity will now be rendered free, and 
become sensible to an electrometer. Should this also be con- 
ducted off, the inner side will next show a surplus ; and by 
touching the tw’o sides alternately, the whole charge may at 
last be taken off, from this constant necessity for there being 
a surplus on one side to fix the entire charge of the other. 
The thickness of the glass gives rise, besides, to what is called 
the residual charge ; for after discharging a jar, if we apply 
the rod again, a second discharge of a feeble Kind will be ob- 
served. The first discharge neutralised the electricities of the 
metallic coatings ; they being good conductors, their portion 
ran off first, and came together before the excitement of the 
glass had time to go off ; and this remaining excitement fur- 
nishes the second discharge. There must be a limit to the 
thinness of the glass of the jar ; for the electricity in polaris- 
ing its particles evidently tends to tear them out of their 
natural cohesive position, and to join them together by new 
sides, corresponding to their electric poles. When the strength 
of the excitement comes up to a certain point, it forces its 
way through by making a hole in the glass. Jars are often 
pierced in this way and rendered useless by the violence of 
the polar coercion of their particles overcoming their cohesion. 

88. In order to accumulate electricity in great quantity, a 
series of jars are joined together, forming a Leyden battery. 
All the insides are connected by joining their projecting knobs 
together, and the outsides are connected by passing wires 
round them from one to another, or resting them all in a con- 
tinuous metajlic bottom. The principle of the charge is the 
very same as for a single jar ; and the effect is nearly what 
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would follow from one enormous jar whose extent of coating^s 
is equal to the sum of those which constitute the battery. 

89. The insulat- 
ing- substance 
which separates 
two conducting 
surfaces, and en- 
ables them to sus- 
tain opposite 
states, is called by 
Faraday a Dielec- 
tric, All insula- 
tors are dielec- 
trics, and the best 
insulators are the 
best dielectrics ; 
for in as far as the dielectric is a conductor, it allows elec- 
tricity to pass through in its own kind to the opposite suiv 
face, and thus discharges instead of charging the apparatus. 
As the glass of the Leyden jar is not a perfect insulator, 
but admits a very slow conduction of electricity, the charge 
necessarily decays, and becomes'at last extinct. With sealing- 
wax or shell-lac the insulation would be more perfect, and the 
induction better sustained. 

90. The action of bodies in the capacity of dielectrics 
teaches us the cause of their being insulators or non-conduc- 
tors. Electricity passes through bodies by polarising their 
particles one after another; but in a good conductor the 
polar state is very readily induced, and exceedingly little in- 
ductive power is expended in bringing it on. Thus suppose 
the first particle becomes positive on one side, and negative 
on the other, it finds the second so easy to induce into a posi- 
tive and negative state in its two sides, that without any loss 
of tension or time it polarises it ; and in the same manner the 
negative end of the second renders positive the adjoining end 
of the third and the further end nega- 
tive. Conduction is supposed to be 
nothing but a series of inductions ; but 
these in some bodies are easily effected, 
in others with difficulty. 

91. The Electrophorus is a very 
useful piece of electrical apparatus, 
depending upon induction. It con- 
sists of a plate of metal, covered, but 
not to the edge, with a plate of resin, which 's poured on it 
and spread out in the melted state. On the cake of resin is 
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placed a second metallic plate having an insulated handle 
If the resin he excited by rubbing, it will have a negative sur- 
face ; and by laying on the cover, it will be electrified by the 
(jontact ; the lower surface lying on the resin will be positive 
by induction, and the upper surface negative. If we touch 
the latter with a conductor, such as the finger, its negative 
charge will be taken off, and positive excitement diffused over 
the whole. By this apparatus a small positive charge can be 
easily obtained at any time. 

92. The Condenser of Volta is an instrument intended to 
accumulate electricity, when of a very feeble strength, such 
as w^hat arises in chemical actions. It is analogous to the 
Leyden jar, or rather to the coated pane of glass. It consists 
of two metallic plates placed on one another, with a very thin 
layer of gum-lac varnish between them. The thinness of the 
gum -lac, w^hich serves as the dielectric, allows the induction 
to nass through, even although the excitement be very feeble ; 
and therefore there can be an accumulation of weak electricity 
in the same way as the Leyden jar accumulates intense elec- 
tricity. The condenser serves as an electrometer and electro- 
scope, to attest the presence of excitement when too faint to 
show itself without accumulation. 

93. When a single surface, such as the prime conductor of 
a machine, is charged by the help of the surrounding surfaces 
which serve to sustain its inductive charge, the intervening 
air is the dielectric ; but this dielectric is easily overcome or 
I’uptured, so that a discharge can take place through it at 
great distances. Thus if we hold our knuckle within an inch 
or two of the conductor, when the machine is at work, the 
hand serves as one of the random surfaces for the conductor 
to exert its induction upon, and becomes strongly negative, 
and the whole intervening air is polarised like the glass of the 
Leyden jar ; hut the air very soon gives way, and allows the 
opposite excitements to flash together in a spa»k. The more 
rarefied the air, the greater the distance that sparks will go 
through from one surface to another. 

94. In the case of an excited single surface, it is found that 
unless it be a ball, the excitement is not equal on all parts of 
the surface. The prime conductor is generally a cylinder 
rounded at the ends into hemispheres, and the electricity is 
always stronger on the ends than on the body of the cylinder. 
If we take a large globe and a small one, and join them together 
by a rod, and pass electricity upon them, the charge will be 
most intefise in the smallest. If the one have four times the 
surface of the:other, the excitement of the large one will have 
only one -fourth of the strength of the excitement in the 
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small. Whenever a surface approaches to a point or an edge, 
the intensity proportionally increases. The cause of this 
unequal distribution is found in the theory of induction : — 

. We have seen that without a confronting- surface to sustain 
an opposite charge, no body can possibly receive excitement ; 
and the better provided a body is with a surrounding sur- 
face, the greater the charge that it can take on. Now, if 
we have two unequal balls in the same rod, their excite- 
ment depends upon the induction which they can exert on 
the surfaces about them ; but the small ball being in the 
same room as the large, it has as good and extensive an 
inductive surface presented to it as the other. The two have 
unequal surfaces of their own ; but they have the same con- 
fronting exterior surface in the walls and furniture of the 
room, and on this unequal proportion of surfaces depends 
their unequal capacity of being excited. If we had twelve 
balls of different sizes, all strung on one rod, and hung 
in the middle of a room, they would take on exactly equal 
charges ; but if we had one ball in one room, and another in a 
different room of other dimensions and material, the charges 
would probably be unequal — the ball that found most facility 
in polarising the surfaces around it would take on the highest 
excitement. Now the rounded end of a cylinder is acted on 
like a small ball ; for a larger surface is confronted with it 
than with an equal portion of the body of the cylinder. 
Suppose that, in the latter, four square inches had such a 
degree of curvature as to be opposed to one-tenth of the whole 
surface of the room, and that four square inches on the end 
made a hemisphere and confronted half the room (as the sur- 
face of a whole sphere would confront it all round), then the 
intensity on the end would be five times that on the middle. 
Accidental arrangements will make one part of a surface 
more intense than other portions equally well curved and ex- 

I )Osed to surrounding surfaces ; a metallic plate, for example, 
ying near one end of the prime conductor, will cause that 
end to bear a higher charge. A prime conductor of a machine 
working in a tinsmith’s shop, would rise up to much more 
intensity than in an ordinary sitting-room. If a metallic 
cylinder were enclosed in a larger cylinder, it might be 
charged to a considerable degree ; for this would be to make 
a perfect Leyden jar instead of the very imperfect way 
that the second surface is furnished by the walls and furni- 
ture of a room. The obstacle to the charge in this case 
would be the weakness of the dielectric ; we would find it 
necessary to make the outer cylinder considirably larger 
than the inner, to allow some thickness to the intervenmg 
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air, otherwise the electricity would break throug-h and dis- 
charge itself. 

95. We may now understand the cause of the very great 
intensity of the excitement at points and edges, and the ten- 
dency that the electricity has to pass off from them. A point 
is a very small surface, confronted with a very large exterior, 
and the extent of the induced surface allows a very high in- 
tensity to be attained. This intensity favours the discharge 
by increasing the action upon the dielectric of air, so that the 
electricity will pass off from a point to an opposite body at a 
much greater distance than it would pass through wming 
from the round bulge of a large blunt cylinder. Hence if a 
surface is armed with points, these will rob it of its excite- 
ment, and probably disperse it by their discharging force. 
A row of points are used, as we have seen, to take up the 
electricity from the cylinder of the machine ; they being as 
powerful to receive excitement from a surface where it is in 
excess, as to pass it off to a surface where it is deticient. Of 
all single surfaces, a flat plate will take on the least intensity, 
and a sharp point the greatest. It is therefore necessary that 
surfaces which are intended to retain electricity should be well 
rounded, blunt, and smooth. And on the same principle it is 
requisite to keep the electrical apparatus free from particles of 
dust, which, like points, take on an intense charge, and fly 
away with a large share of the excitement. 

THE DISCHARGE. 

96. The Leyden jar is discharged by establishing a con- 
ducting communication between the two surfaces. But 
though this is essentially the manner of the discharge in all 
cases, it is usual to reckon three varieties of circumstances 
wherein it may happen, making, as it were, three different 
modes of annulling the excitement. These are called, 

The conductive, 2d, The convective, and 3d, The dinruptive 
discharges. 

The conductive discharge is exemplified in the slow 
discharge of a Leyden jar through the glass, which, not being 
a perfect dielectric, allows of conduction to a small degree. 
Also when the air between an excited single surface and the 
surrounding surfaces is damp, the line of watery particles 
causes a slow communication by conduction, which gradually 
discharges the excitement. Again, if the uncoated glass of 
the Leyden jar is damp, a gradual discharge of the same kind 
takes place. • 

2d, The convective discharge is exemplified when pith-balls 
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are attracted and repelled by a conductor, and then by touch- 
ing some distant body lose their charge and become attracted 
again, as in the electrical bells and dancing figures. In this 
case the ball acquires by contact a certain amount of charge:, 
which it carries off and communicates to the opposite induced 
surface, serving as a go-between to carry positive electricity 
to the negative surface, and negative electricity to the posi- 
tive, and bringing about in this way a neutrality or equili- 
brium. Particles of dust tend to discharge surfaces by this 
process. In like manner particles of air are set in motion, and 
convey the electricity from one surface to its opposite. The 
intense action of points generally causes a current of charged 
air to run out from them, whose place is supplied by other 
air that acquires a charge in its turn, and is repelled like the 
previous portions. There is always a repulsion created by 
the passage of electricity from points, which can be made use 
of to create a rotatory motion, by making a sort of wheel 
with wire spokes, ending in points all bent inwards in one 
direction, and the whole revolving on an axis. The action is 
not unlike the force in Barker^s mill. (See Hy'draulics.) 

The disruptive discharge is the breaking or forcing of 
the dielectric, as when the glass of the Leyden jar is broken 
through. This arises when the twist given to the particles 
by their electrical state is stronger than their mutual cohe- 
sion. Glass is generally able to resist such a power, but the 
air offers very little resistance ; hence disruptive discharges 
readily occur in it. This discharge may be exemplified by 
placing a card between one of the balls of the discharging 
rod and the coating of a Leyden jar, and passing the elec- 
tricity through the card; the opening which it forces can then 
be seen, and from it we may form some idea of the action that 
has taken place. The hole is very small, such as would be 
made by a fine needle ; but it is widened on both sides, as If 
the force had come equally uj^on it from each coating. 
Whenever anjr bad conductor, such as a piece of wood, is put 
in the way of a discharge, it is split up or pierced in the same 
manner, if the charge is sufficiently powerful. 

97. The disruptive discharge is always accompanied with a 
flash of light. This has various shapes, according to the con- 
ductors used. Between two good conductors of rounded or 
blunt surfaces — such as the ball of the discharging rod, and 
the side of the jar or its nob — we have the spark, which is a 
round ball or globule of light, which passes somewhat zig-zag 
from one to the other. This corresponds also with the most 
concentrated and energetic form of the dischaf'^e. The dis- 
tance over which the spark will go, disruptively through the 
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air, depends upon the force of the charge, and the g’oodness 
of the conducting- surfaces between which it runs. From a 
point, or between a g-ood and a bad conductor, the electricity, 
passing oiF, produces a brush of light spreading out from a 
centre. The convective discharge through the air yields in 
the dark a glow. When the air is rarehed, the discharge is 
made easier, and will pass over a greater distance. In an 
exhausted receiver it will pass through two or three feet in a 
lambent aurora flame. In the perfect vacuum light is seen, 
showing that empty space may take on an illumination. The 
^ark is very bright in condensed atmospheric air, white and 
intense in carbonic acid gas, red and faint in hydrogen, yellow 
in steam, and of an apple-green colour in ether and alcohol.’^ 
By laying on a glass plate stripes of tinfoil or gold leaf, cut 
across and separated at every inch or short interval, and pass- 
ing electricity through the whole, there will be a disruptive 
discharge, and a spark at every break of the continuity, and 
the entire metallic line on the plate will be illuminated. A 
great many striking effects of a similar kind can be produced 
in the dark from the electric light. 

98. The concussion given to the air by the shock makes the 
sound that we hear, which is like the sharp crack of a whip. 
Both the intermediate air and the surfaces discharged are 
severely agitated by the sudden return from their electrified 
to their natural state. 

99. There is a very perceptible sulphurous smell accom- 
panying the discharge of electricity. The cause of it has 
been traced by Professor Schdnbein to a peculiar substance 
formed during the discharge, to which ne has given the 
name of ozone; and he has shown that the same substance 
is produced in other ways, and has certain remarkable pro- 
perties, such as the power of bleaching cotton, like chlorine. 

100. Electrical discharges have an acidifying tendency — 
that is, they form acids when the requisite ingredients are 
present. Thus nitric acid is sometimes produced in the air by 
the agency of atmospheric electricity ; and alcoholic liquors 
are turned sour, or made to pass into the acetous or vinegar 
fermentation. 

101. When the discharge is interrupted by an imperfect or 
inadequate conductor, it tears, splits, heats, and sometimes 
sets fire to bodies. Very thin wires are melted ; combustible 
substances, such as phosphorus or gunpowder, are inflamed. 
The human body feels a violent stunning blow when a charge 
is sent through it ; a very strong charge may cause irrecover- 
able blindness, Dr even instant death. A Leyden battery of 
twelve jars could receive a charge sufficient to kill a man 5 

D 
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produce its destructive effects. When a house has a metallic 
roofing, or whether it has or not, strips of lead should be 
built into the walls, and connected with one another, and 
with all the metallic masses of the house, sg 
that wherever lightning* strikes, it may tind 
a metallic conductor near to convey it harm- 
less to the ground. The rod ought not to 
terminate in a dry conducting body, but be 
conveyed if possible to moist earth (c), or to 
a well, so that the electricity may be at once 
discharged into a good conducting medium. 

107. For the protection of ships, a conti- 
nuous metallic line is necessary from the 
mast-heads to the sea. But the conductors 
in this case must be suited to the changes 
that have to be made in the masts and rigging 
during the vicissitudes of a voyage ; hence 
they are made into a chain, or formed of thin 
flexible strips of copper. 

108. If a thunder-storm strike on a house 
that has no metallic protection, it will choose 
in preference bell-wires, damp walls, or gilded 

pictures ; a human being will be preferred to dry walls or 
floors ; hence the dan^’er of such a visitation. But the wooden 
floors are better conductors than woollen cloth or feathers ; 
hence people lying in bed in the middle of a room are likely 
to escape. The greatest risk is incurred when a good con- 
ductor IS afforded so far, and then cut short, and an insulating 
substance succeeds ; the lightning is thus attracted and con- 
veyed a certain way with ease, but has then to force its pas- 
sage by violence, or by going out of its course, to meet in 
with some tolerable conductor. The human body, from its 
moist state, stands high in the list of conducting substances, 
and would be preferred to a great many other things. 

109, It is dangerous to stand under trees in thunder-storms. 
A tree is a slightly better conductor than a human body, and 
would receive the discharge in preference ; but the very fact 
of its attracting the lightning, while it is not a sufficiently 
good conductor to carry it quietly to the earth, is a reason for 
not standing near it. The tree itself may be shivered to 
pieces, and a portion of the shock besides communicated to 
other objects. In a forest, where there is a large mass of 
intervening matter, living beings may pass unharmed. 

110. For making observations in atmospheric electricity, a 
conducting rod is used ; but it has to be very fjarefully insu- 
lated, so that it may receive all its excitement from the air, 
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and neither give to the earth nor receive any from it. In the 
Electrical Observatory at Kew, kept under the charge of the 
British Association, the principal conducting rod is a conical 
Jube of thin copper sixteen feet high, and projecting from the 
cupola of the building. It rests below, within the cupola, on 
a very strong hollow glass pillar, which is the means of insu- 
lating it ; and the insulation is very much increased by a 
lamp, which heats the inside of the glass, in the manner 
already shown in the electrical machine. There is a certain 
temperature which renders glass almost a perfect insulator; and 
although this temperature cannot be giVen to the whole of 
the pillar, yet if the lower end is heated higher and the upper 
end lower, there will be some intermediate portion which will 
have the exact degree for insulation; ana this portion will 
resist the passage of the electricity as well as if the same 
degree were maintained through the whole length. A pair 
of tine platinum wires are soldered to the upper end of the 
conducting rod ; and to increase still farther its attraction 
for the electricity of the air, a lamp is also suspended at the 
top, and kept burning. It is found that flame has the power 
of rapidly receiving or dispersing electricity. The apparatus 
for lowering and raising the lamp is a silk cord running up 
the hollow of the rod, and attached to it alone. The lower end 
of the rod branches out into four brass arms in connection 
with electrometers, which constantly exhibit the strength of 
its charge, and show whether it is positive or negative. 

111. The aurora borealis has been supposed to be a case of 
faint lightning discharged far in the upper air, where the 
rarity is so great that it may flash over great spaces, as we 
see in an exhausted receiver. But the coincidence between 
the aurora and distractions of the magnetic needle, render it 
likely that it is some manifestation of magnetic, rather than 
thunder and lightning, storms; which is confirmed by the 
north and south direction of the streamers. This, however, 
and indeed the whole subject of atmospheric electricity, is as 
yet very imperfectly understood. 

SOURCES OF ELECTRICITY. 

112. Hitherto we have regarded friction as the source of 
electrical excitement; but there are many other ways of 
evolving it. In general, all disturbances of the molecular 
state of bodies, whether mechanical or chemical, are liable to 
produce electricity. All the sources of heat (as well as heat 
itself), are soilrces of electricity. We shall now enumerate the 
various sources in detail : — 
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Cleavage and breakage of bodies is a source of elec- 
tricity. If a plate of mica is rapidly cleaved in the dark, 
there is perceived a feeble phosphorescent flame, and we find 
that the two faces have become charged with opposite ele(i- 
tricities. From this it appears that crystals have a permanent 
polarity in their particles, which is converted into free elec- 
tricity when they are separated. In the same way, if we 
break a roll of sulphur, or pound it to pieces, it will be seen 
to be electric. 

113. When two substances have been adhering together by 
a firm cohesion, if ‘they are suddenly broken asunder they 
show electricity on the separated faces. If we pour melted 
sulphur into a wine glass, and, while soft, stick into it a glass 
tube to be a handle to the mass, and leave it to cool and 
harden, it will have contracted an adhesion for the glass. If 
it is now abruptly drawn out, so as to break this adhesion, it 
will be seen that the two surfaces are electrified. 

2^/, Pressure. — If we take the plates of mica, or other 
crystal formed by cleavage, and press them together, and 
suddenly withdraw them, we find they have acquired elec- 
tricity, But the effects of pressure, as of friction, are greatest 
with unlike surfaces. Let a disk of wood be covered with 
silk, and the silk coated with resin, and take a disk of metal, 
and press the two quickly together without friction ; the sur- 
faces, on being separated, wul be excited ; the metallic disk 
will be negative, the resined silk will have taken a positive 
excitement, contrary to the character of resinous bodies under 
friction. It was observed by Haiiy that a crystal of Iceland 
spar, and a few other minerals, became electric by pressing it 
with the fingers : but the property is shown to be perfectly 
general ; both good and bad conductors give signs of elec- 
tricity under pressure. In making the experiments, the sub- 
stances used are cut into very thin circular slices, and each 
is laid upon a disk with an insulating handle ; they are then 
pressed together by holding a handle in each hand. A disk 
of cork, for example, pressed against another of caoutchouc, 
causes the first to have positive, the latter negative electricity. 
Crystallised minerals of a transparent character, such as sul- 
phate of lime, are positive when pressed by cork. Slices of 
fruit, such as an orange, are negative to cork. If one of the 
substances pressed is a good conductor — a metal, for example — 
and the other an elastic substance, as a slice of pith, no effect 
will be produced ; the electricity evolved is combined or dis- 
charged before the two surfaces can be separated. That this 
discharge is the cause of the nullity of effect, ftan be seen by 
making the separation slowly in the case of cork and orange ; 
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for when the charge of the two surfaces is tested by the tor- 
sion electrometer, it is found much feebler than when the 
operation is quickly performed. 

• 114. The two surfaces must have a difference of character 
of some kind or other in order to become excited by pressure. 
If we take a well-dried cork, and cut it across the middle, 
and press the two pieces together by the insulating apparatus, 
we may in some instances find an entire absence or excite- 
ment. But if one is heated, or receives a higher temperature 
than the other, a charge will be communicated when they are 
pressed together ; the colder being positive, and the warmer 
negative. If the one surface be rough, and the other smooth, 
this difference will suffice to develop electricity, although both 
should be of the same material and of the same temperature : 
in this case the smooth surface will be positive, like the cola 
surface, and the rough surface negative. 

36?, Friction . — This is the source commonly used in the 
electrical experiments. But in these we confine ourselves to 
the friction of a very few substances ; as the rubbing of seal- 
ing-wax and glass rods with cloth, and the action of the glass 
cylinder of the machine upon a mercurial solution of zinc and 
tin. In order to investigate and explain the cause of the 
excitement of electricity by friction, it is necessary to go over 
a wide range of materials, and determine the precise effects 
of each pair when rubbed together. It is found that, except 
where the two faces rubbed are perfectly identical in charac- 
ter, electricity is always evolved by friction. In good con- 
ductors, it is necessaiw to insulate well the pieces rubbed, to 
keep the excitement from being carried off and lost. With 
this precaution, all the metals may be made electrical by rub- 
bing them either on one another, or on non-metallic bodies. 
When disks of different metals are taken, it is found that there 
is a certain fixed order that determines which becomes posi- 
tive and which negative. Thus, in the following series, each 
metal is negative when rubbed on any one following it, and 
positive when rubbed on any one preceding it : — bismuth, palla- 
dium, platinum, lead, tin, nickel, cobalt, copper, gold, silver, 
iridium, zinc, iron, cadmium, arsenic, antimony. Supposing 
we were to take a surface of platinum and a surface of iron, 
the platinum would be negative, and the iron positive ; and 
so on with any other pair we choose to select. To produce 
the strongest possible indications of excitement, it is necessary 
to rub quickly with large sweeps, that the parts exciting one 
another may be separated as soon as possible ; the farther the 
separation, tie less the disposition of the two excitements to 
join again at the place oi contact. When the agitation of 
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the surfaces is produced by throwing- the powdered particles 
of a metal on a plate of the same, the e&ct is like that of 
pressing or rubbing an unpolished on a polished surface — the 
powder is positive, and the plate negative. • 

115. In general, when bodies are rubbed on one another, 
the one which suffers the greatest agitation of its particles is 
negative; so that roughness, high temperature, and extent 
of rubbing, all increase the negative tendency. If two white 
silk ribbons, taken off the same piece, are rubbed across one 
another, the one that is moved in its whole length across the 
breadth of the other will be positive ; and the other, which 
has experienced the most intense action, will be negative. 
The heat evolved will also be greater in the one rubbed across, 
and this will add to its negative character. If a white ribbon 
is rubbed on a black, and if the friction is equal on both, the 
first will be positive and the second negative, showing that 
the black dye causes the particles to experience more agita- 
tion, or else become hotter than in the white ribbon. 

116. The tension of the electricity increases with the pres- 
sure and the rapidity of the motion. But there is a limit to 
the tension which can be produced in any machine ; for the 
tendency of the opposite electricities to come together, and 
make a discharge at the place of their origin, increases as the 
tension increases, and at last becomes as great as the power 
employed to separate them. 

Change of Temperature . — It has been observed that the 
tourmaline showed electrical excitement while in the act of 
heating or cooling, whereas it is perfectly free frum electricity 
while remaining at the same temperature. 1 1 al ways possesses 
two poles opposite in their excitement ; by heating, these dis- 
play a certain polarity, which in cooling is leversed. The 
development of the electricity seems to r'^sult more imme- 
diately from the expansion and contraction caused by charge 
of temperature. The topaz, boracite, and se\eral other mine- 
rals, ha\e the same property. 

117. The produciion of electricity by heat constitutes a 
separate branch of the subject; nairely, Thermo-Electricity. 
Chemical actions are also sources of electricity, but the con- 
sideration of these belongs more to Current Electricity than 
to the present head. The sources above given are such as 
yield the intense and Stationary excitement whose charac- 
teristics we have hitherto been engaged in describing. 
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118. Galvanism was the name first given to the electricity 
produced in constant currents, feeble in intensity, and great 
in quantity; but it is now agreed that the discoveries of 
Volta (and not of Galvani) were what really constituted the 
foundation of this science ; it is therefore entitled Voltaism, 
or Voltaic Electricity. 

119. The original experiment of Galvani that excited atten- 
tion upon this subject, consisted in convulsing the legs of a 
frog, hj making a circle with two metals, and the leg between 
them. Thus, in the 
figure, EFD are the 
legs of a frog, Z is a 
rod of zinc conneoced 
with the nerve which 
ramifies in the legs, 
ai.d C a rod of cop- 
per touching the rod 
of zinc at one end 
and the muscles of the two legs at the Other. The circle is thus 
composed four parts — zinc, copper, muscle, nerve. When 
the circle is completed by bringing the two rods into contact 
dt A, after th^ir othjr ends have been properly connected 
with tlie lijnbs, a con ulsion takes place; the sudden contrac- 
tion of the muscles throws the legs out into the position ff. 
But the very same <^flfeft is produced by a discharge of common 
electriclt}^ passed through the nerves and muscles of a limb : 
hence Yclta declared that, in the case of the two rods, a urrent 
of electricity w as generated ; and he inferred lr( m tne cir- 
cumstance that the contact of dissimilar metals was d source 
of electricity ; and, working on this idea, he originated the 
^^oltaic pile, which is a series of pairs of plates of dissimilar 
metals, with a moist substance between each pair. He as- 
serted, ft^rther, that the bare contact of the metals is the ex- 
citing cause of the electricity : but this has been disputed and 
denied ; and it is maintained in opposition, that a chemical 
action of some sort is the origin of the electric current. The 
latter supposition, if it does not explain everything, is at least 
the most tenable of the two ; and we shall therefore commence 
by enuraeratfhg the various chemical actions which lead to 
the production of currents. 
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120. If we plunge into nitric acid, one after the other, the 
ends of the two wires connected with a voltaic electi’ometer 
(to be afterwards described), electrical excitement is made 
apparent. The wire first immersed is seen to have positive 
electricity, and the other neg'ative. If both were immersed 
at the same instant, probably no electrical action would arise ; 
but the successive plung’ing' causes the first to be oxidised, 
while the other is as yet untouched, and the difference of the 
acid’s action on the more and less oxidised wires suffices 
to give birth to an electric current. This may serve as an 
example of the circumstances that determine whether a che- 
mical action shall evolve electricity or not; it coincides, 
moreover, with what has already been stated as to the neces- 
sity of some inequality in the kind of materials used in order 
to bring forth an excitement. 

121. When an acid combines with an alkali, the acid 
acquires positive and the alkali negative electricity. Thus 
if a platinum capsule, containing a solution of caustic potash, 
is put in connection with one wire of the electrometer, and if 
a piece of platinum, connected with the other wire, is mois- 
tened with nitric acid, and plunged into the potash, there 
appears instantly the indication oi a current, such as to show 
that the capsule with the alkali is negative, and the slip of 
platinum with the acid positive. Thus one of the most com- 
mon of chemical actions is a distinct source of electricity. 

122. But solution, apart from chemical combination, is a 
source of electricity. If nitric acid is brought into contact 
with muriatic (or hydrochloric) acid, there is no chemical com- 
bination in the highest sense, there is merely solution (as when 
alcohol is mixed with water) ; yet a current arises, and the 
nitric acid is positive and the other negative. Phosphoric acid 
is positive to all the other acids, as well as to alkaline solutions. 
Wnen acids are dissolved in water, they are positive and the 
water negative ; when alkalies are dissolved in water, they are 
negative and the Avater positive: so that water is like an 
alkali to acids, and like an acid to alkalies. The apparatus 
for developing the current in these cases is the capsule and 
platina-slip aheady mentioned : the capsule contains the water, 
and is connected with one pole of the voltaic electrometer ; the 
acid or alkali, if solid, is held by a platinum pincers connected 
with the other pole, which is plunged into the water. If the 
acid and alkali are liquid, a piece of spongy platinum is used, 
and dipped in the liquid, ana then plunged into the water. 

123. The case of what is called double decompositions of 
neutral salts, where two salts decompose one*' another, and 
exchange acids and alkalies, making two new salts, is remark- 
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able for giving* rise to no current of electricity, provided the 
quantities are exactly proportional, so as to leave no excess 
of any element. There can be no doubt that electricity arises 
in some of the stag“es of the operation of decomposing and 
combining, since either of these actions separately always 
yields excitement ; it must therefore happen that the electri- 
cities evolved exactly neutralise each other. 

124. Since simple solution, as well as chemical unions, gives 
rise to electricity, it is necessary to discriminate in individual 
cases which of the two has actually produced a given current. 
This discrimination can be made, on the ground that a che- 
mical union always evolves heat, and raises the temperature 
of the mass ; whereas dissolutions generally cause cold, and 
lower the temperature. A delicate thermometer may therefore 
indicate which of the two actions has happened. 

125. In the action of acids and alkalies upon metals, there 
is apt to be a complication of effects. The simple action of an 
acid upon a metal is like that of an acid on an alkali; the acid 
is positive, the metal negative. But when an acid dissolves 
a metal, there is always the additional effect of the action of 
the newly-formed substance upon the liquid which the metal 
is immersed in ; this may be of the same character as the 
action on the metal, and may therefore strengthen the result- 
ing current, or it may be opposite, and weaken it. When 
there are two metals employed in one circuit, if both are acted 
on, their effects will contradict each other; and the result 
will be only the difference of the actions : hence in the voltaic 
circuit, which commonly consists of two metals and a liquid 
between them, it is requisite, in order to produce the highest 
effects, that the one should be acted on and the other not. 
And in general, the great art in combining several chemical 
actions to evolve electricity, is to make all the excitements 
that occur agree with, and not oppose, each other. 

126. If two different metals are plunged into the same 
liquid, the one will probably be more attacked than the other * 
hence the one most attacked will be negative, and the liquid 
positive, which will render the other metal positive likewise, 
in spite of its own tendency to become negative. Now, as 
the metals differ very much in the quality of being acted on 
by acids — some, such as zinc, tin, and lead, being very rapidly 
and powerfully combined, and others, like platinum, gola, 
and silver, resist chemical action — it is desirable to choose two 
metals from the opposite extremes. Thus zinc is chosen for 
the negative metal, and platinum for the positive, in order to 
yield the greatest amount of action. Copper, although far 
inferior in resisting power to the precious metals, is yet greatly 
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superior to zinc, and its cheapness causes it to be much used 
for the positive element of circuits. Thus, in the figure, let 
a represent a plate of zinc immersed in a liquor capable of 
acting* on it, and c a plate of copper ; thj 
liquid will combine with the zinc, and 
give it a negative electricity, and be itself 
positive ; the copper will also be acted on, 
out more feebly: and hence, instead of 
being negative, it will receive a positive 
excitement from the intervening liquid, 
and act as a conductor to carry round the 
positive current. When the plates have no 
connection outside of the liquid, each is 
attacked according to the degree that it 
yields to the agency of the liquid; but when the circle is 
completed by the wire w joining the unimmersed ends of the 
plates, the zinc is more attacked than before, and the copper 
less attacked. The carrying round of the electric currents 
causes this effect. 

VOLTAIC CIRCLES AND BATTERIES. 

127. If a disk of copper and one of zinc are taken, and a 
wet cloth put between them, electricity will be produced — 
the zinc will be negative, and the copper positive : if a wire 
is brought from the zinc to the copper, an electrical current 
will be established ; the positive electricity flowing from the 
zinc through the moist cloth to the copper, and along the 
wire to the zinc again ; and negative electricity flowing in the 
opposite way, or from the zinc round the wire to the copper, 
and from the copper through the cloth to the zinc. The 
apparatus is in principle the same as that figured in the pre- 
ceding article. Such a combination of zinc, wetted cloth, 
and copper, makes a couple, or single circle of Volta. The 
cloth is moistened with water containing a small quantity of 
acid or salt. 

128. The pile of Volta is an aggregation of these simple 
circles, so ordered that the same currents flow in the same 
dk'ection in them all. Thus to build up the pile, let an 
upright stand be formed with glass or woouen rods ending in 
a bottom : place on the bottom a disk of zinc 5?, then a wet 
cloth, then a disk of copper c ; upon the copper lay another 
series of zinc, cloth, and copper, and so on for any number, 
the pile terminating in a disk of copper above, as in a disk of 
zinc below. The zinc end will be negative, and the copper end 
positive ; and if a wire is passed from the zinc to the copper, 
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the circle is said to be closed. Its action then rises to the 
highest pitch, and currents of the two electricities circulate 
around. The lowest zinc, itself negative, renders the moist 
gloth above it positive, ' which transmits a 
positive current to the copper; the copper 
passes this to the next zinc, which trans- 
mits it by conduction, along with what itself 
generates, to the second cloth; the double 
force is passed to the second copper, and by 
it to the third zinc, which the copper touches ; 
the third zinc communicates it to the third 
cloth, increased by its own action on the 
moisture of the cloth, and thus a threefold 
charge is carried to the third copper, and so 
on. On the other hand, a negative current 
of equal strength circulates downwards, 
augmented at each step in the same manner ; for the lowest 
zinc plate, while originating a positive charge proceeding to 
the copper above it, sends a negative charge the other way ; 
that is, by the conducting wire that goes from it to the upper- 
most copper, which transmits it through the wet cloth to the 
uppermost zinc, where another of the same is produced and 
sent downwards. Thus a double negative charge is passing 
down through the cloth second from the top to the second 
zinc, there to be reinforced, and sent to the third, and so on. 
The surface of contact of a plate of zinc and a film of liquid, 
is always understood to be producing the two electricities, and 
sending one off in one direction, and the other in the opposite ; 
just as at the contact of the cylinder and cushion in the elec- 
trical machine. 

129. By such a pile the various electrical effects can be 
visibly produced. When the wires attached to the two ends 
are brought together, a spark may be seen. A shock is felt 
by passing the current through the body, which is done by 
holding a wire in each hand. Heat is also produced at the 
ends of the wires where they touch. But to make the effects 
decided, a very large pile must be formed, extending perhaps 
to a hundred pairs or circles, each disk being the size of a 
crown-piece. 

130. The peculiarity of the excitement of the voltaic pile, 
and of voltaic currents generally, is their feeble intensity. 
This is the point of contrast between Voltaic and Tension 
Electricity. When a metallic surface, such as the coating of 
a Leyden jar, is electrified by the machine, the separation of 
the two kinci% is carried very high, so that their tendency to 
come together is intense and violent. The standing accu- 
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mulation at the two ends of a single polarised particle is 
greater in machine -electricity than in any other kind. If 
we take a particle of copper in the plate of a voltaic circuit, 
and a particle of tinfoil in the coating of a Leyden jar, the 
second is immensely more charged than the first. The dis- 
tinguishing character of the voltaic electricity is quantity, 
A large amount of excitement of a feeble kind is generated, 
and passed round the circle. Instead of highly charging the 
superficial particles of a metallic surface, it charges the entire 
solid mass with a low intensity, perpetually renewed as it is 
taken off. If the current is resisted by insulation, the action 
does not go on heightening the tension of the charge, but 
stops altogether. When this difference in the mechanical 
character of the electricities of friction and contact is allowed 
for, they can be proved to be identical in their nature and 
effects. 

131. The intensity of voltaic electricity is greatest when 
the pile is made up of a very great number of small plates. 
Supposing an equal amount of surface of copper and zinc 
employed, the shock, and other indications of a strong charge, 
would be greater if it were cut up into many small circles, 
than if it formed a few large ones. But the actual quantity 
of the excitement would be greatest with the large plates. 
We shall afterwards see that chemical and magnetic effects 
are the measures of quantity independently of intensity. The 
two qualities may be compared to heat of different temperatures. 
A tubful of water at 100 degrees has a greater quantity of 
heat than a cupful at 200 degrees; but the latter is the 
more intense of the two. The cause of the greater intensity 
in the long pile of many plates, is the resistance offered by 
the length of bad conductors through which it passes ; but from 
the intrinsic feebleness of the exciting action, this resistance 
diminishes the quantity that could be evolved. The presence 
of the excitement already produced is always a bar to the 
evolution of new excitement. If the exciting force be of a 
certain power, it will go on raising the tension till the latter 
has become so strong as to equal the force ; at this point the 
action must cease, or the opposed electricities will be com- 
bined as fast as they are formed, if they are formed at all. 

132. As the pieces of cloth between the zinc and copper of 
Volta’s circles are of no use but to contain the acting sub- 
stance, they may be dispensed with, and the plates inserted 
in a vessel containing the proper kind of liquid. Volta, accord- 
ingly, made an arrangement that he called the couronne des 
tasses” (the crown of cups); which consists of %row of cups 
or jars filled with acidulated water, and each containing a 
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couple of plates. Thus let A, B, D, E be four jars half-filled 
with liquid. Into the first is placed a zinc plate Z, and a 
copper plate C; if these were connected, a current ^would 
rise, as was formerly 
escribed. But instead 
of connecting* these, let a 
wire pass from C to Z, a 
zinc plate in the second 
jar, which contains also a 
plate of copper connected 
with the zinc of the third 
jar; and in like manner 
the copper of the third is connected with the zinc of the 
fourth ; the copper of the fourth would connect with the zinc 
of a fifth ; and so on. Let a wire W proceed from the copper 
at one end, and come into contact with a wire from the zmc 
at the other ; the circle is closed, and the action circulates. 
From Z to C in the first jar A, there passes through the liquid 
a positive current, which is carried by the conducting wire to 
the second Z, and at Z^s contact with the liquid joins a second 
charge, and both pass on to C, exactly as we described in the 
pile. In the opposite direction a negative current will pro- 
ceed, reinforced, like the other, at every plate of zinc. 

133. A more compact apparatus on the same principle is that 
called the Trough Battery. A trough of porcelain TT is divided 




by partitions into separate compartments or cells, each cell 
being intended to answer the purpose of one of the jars, or 
contain a pair of plates. The plates are suspended in a piece 
of wood A B, at the proper distances, and connected with one 
another by metallic slips. The battery of the Royal Institu- 
tion, made ufider the direction of Sir Humphry Davy, and 
used by him for his celebrated discoveries of the compound 




64 


ELBCTRicrrr. 


nature of the alkalies and earths, was of this fonn ; it consisted 
of 2000 double plates, and its acting surface amounted to 
128,000 square inches. 

134. Another kind of trough is formed by making the par-* 



titions themselves the acting plates. A plate of copper and a 
plate of zinc are soldered together, and each compound plate 
makes a partition wall, the liquor being contained between 
them. 

135. Dr Wollaston effected an improvement on the galvanic 
trough battery by making the copper plates double, so that 
each enclosed a zinc plate, and faced it on both its sides. The 
action on the zinc is very much increased by thus enlarging 
the copper; for it is found that the energy of the circle 
depends not only on the metal attacked, but on the conducting 
metal. The greater the conducting surface, and the nearer 
it is to the zinc, the more intense and rapid is the combination 
of the liquid with the zinc. In the circles made up of a single 
plate of zinc and a single plate of copper, the zinc is acted 
on only on the side facing the copper; but by Wollaston^s 
arrangement, both sides are made to produce currents. The 
case is exactly analogous to single-surface electricity, where 
the charge taken in is entirely dependent on the capacity 
of surrounding surfaces to receive an opposite charge by 
induction. In so far as zinc is acted on by mere ordinary 
chemical action, the size and distance of the copper plates are 
of no moment; but the increase of action arising from the 
current in a closed circle, is in proportion to the quality and 
size of the metallic plate that serves as the conductor. 

136. All the batteries above described have one especial 
imperfection among many others; which is, that from the 
moment they are set in action, their strength constantljr 
decreases. At the end of an hour, or two hours, their power is 
almost reduced to nothing. This is owing to the reaction on 
the plates of the products of the chemical combinations. It 
is therefore a great object to construct constant^hatteries (as 
well as to arrange the elements so as to prevent the rise of 





VOLTAIC CIRCLES AND BATTERIES. 


65 


conflicting currents), and otherwise to heighten and economise 
the force of the battery. But the nature of the schemes which 
have been adopted for these ends cannot be understood with- 
ojit attending more closely than we have yet done to what 
goes on in the voltaic circuit. 

137. Let us consider again a single copper and zinc pair 
immersed in a liquid ; and let the liquid in the first place be 
pure water. Let and c be the two plates, 
and suppose a row of water particles to lie 
between them. Each water particle is a 
compound of a particle of oxygen and a 
particle of hydrogen ; and it is almost cer- 
tain that the following process is gone 
through when the conducting wire w 
arches the two plates, and closes the cir- 
cuit. A particle of water (1) is attracted to 
the zinc by its oxygen constituent ; the 
affinity of the zinc for oxygen surpasses 
the affinity of hydrogen for oxygen, and the effect of this is 
to decompose the particle, and form a particle of oxide of 
zinc, and leave a particle of hydrogen, producing at the same 
time a certain amount of free electricity ; the oxide of zinc 
having a negative charge and the hydrogen a positive charge. 
The negative charge of the oxide of zinc passes on through 
the metal plate z, the positively charged hydrogen is attracted 
to the oxygen of the next particle of water, and its electric 
state adds to its natural attraction for this atom of oxygen, 
and accordingly it overpowers the existing attraction that 
keeps the two elements together, combines with the oxygen, 
and sets free the hydrogen of No. 2. But this decomposition 
evolves a new charge of electricity, the water particle being 
positive and the hydrogen negative. A third particle of water 
IS decomposed in the same way, and a fourth ; and so on till 
the plate of copper is reached. The last particle of freed 
hydrogen encountering it can decompose no further ; it com- 
municates its excitement by contact to c, and rises up to the 
surface, and is dissipated in the air; so that the conduction 
through the water is effected only through a series of decom- 
positions and combinations, showing the mode whereby liquid 
particles receive and transmit polarity. The influence evolved 
at the zinc is necessarily weakened by having to operate so 
many actions ; and it is found that the greater the distance 
between the two plates, the weaker the current is. Even if 
nothing were absolutely lost at the transmigration of each water 
particle, there •would be a delay, from time being necessary to 
all motions, even the quickest ; and delay would be resistance. 
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138. It is found that a circle charged with pure water, such 
as the above, is very weak, and soon ceases ; but if a small 
quantity of sulphuric acid is added, its energy is renewed and 
quickened. The oxide of zinc formed on the plate stancjs 
between the water and the pure metal, and tne action is 
thereby arrested ; but the sulphuric acid combines with and 
dissolves this oxide, and exposes a clean surface for the fur- 
ther action of the water. But the combination of the sulphuric 
acid with the oxide of zinc is itself a source of electricity of 
the same kind as tjie water action — that is, it makes the zinc 
negative and the liquid positive ; this is, therefore, an addition 
to the force. But an unfortunate drawback belongs to the 
acid action. The dissolved sulphate, by being made positive, 
has an attraction for the copper plate ; for this plate, while 
receiving a positive excitement from the zinc through the 
liquid, as reti^rning or radiating foi'th a negative current 
through the zinc, tlius presenting an attraction for all posi- 
tive elements as well as for the hydrogen. The sulphate of 
zinc is therefore drawn towards it ; and as it cannot go off in 
air bubbles like the hydi’ogen particles, it sticks and deposits 
a coating on the plate, which mars its conducting power ; so 
that what was good in the beginning is in the end an evil. 

139. Another source of weakness occurs in the contact of 
the hydrogen with the copper. The attraction of these two 
elements is essential to the maintenance of the current ; but 
the same attraction that brings the hydrogen close keeps it 
there, and constitutes a resistance to the succeeding portions. 
It would be well that the hydrogen could be got rid of the 
moment it touches the copper, instead of adhering and stag- 
nating, and occupying the ground which other particles are 
pressing forward to seize. Now it is found that the addition 
of nitric acid to the sulphuric acid and water, serves to absorb 
the free hydrogen, and in this way proves an accession to the 
strength of the current. But the addition of any new ingre- 
dient leads to a new series of actions, both from its chemical 
agency and from its contact with the other elements of the 
solution ; these new actions being sometimes with and some- 
times against the general current. By using sulphate of 
copper alone, in addition to the water, the hydi’ogen may be 
absorbed ; the sulphate will be turned into sulphuric acid, and 
copper, which the hydrogen displaces, deposited on the copper 
plate, thus maintaining a clean and ever-renewed copper sur- 
face. The hydrogen, when not absorbed in such a way as 
this, is very apt to act upon the compound of zinc dissolved 
in the liquid, and reduce it upon the copper ‘plate, making 
a second zinc surface, whereby the action must soon come to 
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a stand altog-ether ; for two identical plates can yield no 
excitement. 

140. In the forming* of constant batteries there are two im- 
provements which have been of especial value. The first is the 
amalgamation of the zinc, or the coating of it with mercury, 
thereby presenting a combination of zinc and mercury instead 
of pure zinc. This is found to diminish to an extraordinary 
degree the waste of the zinc, or to produce an equal amount 
of electricitjr by a much smaller consumption of the acting 
metal. It is not well understood in what way the mercury 
contributes to this effect. We have a parallel to it in the 
rubber of the electrical machine, which is an amalgam of zinc 
and tin, and far surpasses in effect any other material that 
could be used ; but in neither case is it clearly known what 
action goes on. The only supposition that has been made as 
to the way in which the mercury saves the zinc in the voltaic 
circle, is that it takes away local currents — that is, the naked 
zinc plate is conceived to produce currents which come round 
to itself instead of proceeding to the copper, and thus detract 
from and contradict the general effect. 

141. The second great improvement in batteries is the use 
of diaphragms^ or porous and permeable partitions between 
the zinc and copper. These are intended to prevent the dis- 
solved zinc from passing to the copper plate, to be precipitated 
or reduced there. The partition must, however, allow a free 
contact of the liquids on each side of it, otherwise it would 
arrest the action altogether. Many kinds of material have 
been tried as diaphragms, it being somewhat difficult to find 
a substance which will allow the liquids on each side to be in 
contact within its pores, and at the same time keep the one 
from passing through to mix with the other ; besides having 
other virtues, such as not to become closed up by the precipi- 
tation of the salts, not to contain bad conducting material, 
and not to produce currents from the action on their own 
ingredients. Bladder, tanned leather, pasteboard, cloth, thin 
slices of wood, clay, porcelain, &c. have been used, and each 
has its disadvantages. 

142. The Constant Battery, introduced by Professor DanieU, 
is constituted as follows : — Each cell or separate circle is of 
the form of a cylinder, whose construction will be understood 
by the figure, which is a section down the middle : ahcd is 
the outer cylinder made of copper ; it is open at the top, but 
closed at the bottom, except that there is an aperture ef, which 
receives a cork containing the end g of a glass sypnon tube 
g h ij k. On the top a b, a copper collar Inion rests upon two 
horizontal arms am, bo. Between this collar and the cork 
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neck at the bottom, a cylindrical diaplirag:m is stretched, 
made of ox-g’ullet, and forming* an internal cavity connected 
at the bottom with the syphon outside. In this cavity there is 
placed a rod of amalgamated zinc^^, 
suspended from r5, a piece of wood 
lying over the rim of the diaphragm. 
Into the same inner cavity of the 
diaphragm is poured acidulated 
water, which surrounds and acts on 
the zinc ; around the diaphragm, in 
the outer cavity, there is contained 
a solution of sulphate of copper. 
The action of the cell is this : the 
acidulated water acts on the zinc 
rod, and excites electricity, at the 
same time dissolving the zinc, and 
forming a salt of zinc within the 
diaphragm ; this, from its being 
heavier than the other liquid, sinks 
to the bottom, and passes into the syphon, and is carried 
off if new liquor be added from above to give a sufficient 
pressure. In this way the product of the action on the zinc 
is got quit of. The voltaic current is freely allowed to 
ass through the membrane to the outer cell, and deposit 
ydrogen on the copper cylinder; which hydrogen, acting 
on the sulphate of copper, is absorbed by it, and displaces 
metallic copper, which is deposited on the cylinder, the sul- 
phate being converted into sulphuric acid. A coating of its 
own substance is thus continually forming upon the copper 
cylinder, keeping it always fresh and new. To renew the 
waste of the sulphate of copper, a few solid crystals are sus- 
pended in connection with the liquor of the outer cell, which 
are dissolved as they are required. A battery formed of such 
ceils is found to maintain its strength without diminution for 
many hours ; it also prevents many of the sources of waste of 
power that were present in former batteries. The power of 
the battery is found to increase wdth the temperature ; but to 
work it at a high heat, a porcelain diaphragm must be substi- 
tuted for the ox-gullet. In subsequent batteries the syphon 
was disused. 

143. A rod of zinc, in a cylinder of copper, is the best form 
for producing the greatest possible action on the zinc; the 
latter is confronted all round with a surface of copper, and is 
therefore acted on equally on every side. A rod and cylinder 
could be surpassed only by a ball in a hollow 'Sphere, which 
would not be so convenient. 
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144. Batteries have been formed by circles where the 
copper and zinc were rolled up in a spiral, thus affording* a 
large surface in a small solid bulk. It has already been men- 
tioned, that in order to get the electricity in greatest possible 
q'uantity, circles of large surface are chosen. 

145. Grovers Battery is of the same general construction as 
DanielFs ; but instead of copper, platinum is employed, 
which, being of all metals the least oxidisable, makes the 
best conducting plate for a circle. Zinc and platinum form 
the most powerful couple that can be used. Accordingly, 
Grove mates the outer cylinder of the circle of platinum, and 
the diaphragm or intermediate cylinder of porcelain, which 
contains the amalgamated zinc rod. The outer cavity between 
the platinum and porcelain cylinder is filled with nitric acid, 
and the inner cavity around the zinc with dilute sulphuric 
acid. A very powerful current is generated by this arrange- 
ment; and although of an expensive construction, from the 
employment of platinum, it has come into general use. The 
action is of the same nature as in DanielFs circle. The zinc 
is oxidised and the oxide dissolved in the sulphuric acid ; 
sulphate of zinc being thrown down, but confined by the par- 
tition within the inner circle. The positive current passes 
from the inner to the outer liquid, and hydrogen is evolved at 
the platinum, and taken up by the nitric acid. There is no 
metallic deposit of any kind ; but both liquids are changed by 
their actions, and require to be renewed from time to time. 

146. The principles which determine the quantity of elec- 
tricity evolved in a circle or battery have been reduced to 
precise mathematical theorems by Professor Ohm. The fol- 
lowing are the general statements on which the theorems are 
founded : — 

l5^. The quantity of the current depends on the tension or 
strength of the electricity, and on the goodness of the con- 
ductors, or the absence of resistance to its passage. 

2dj The strength and quantity of the current depend, in 
the first place, on the material used in the circle : the greater 
the affinity of the acting plate for oxygen, and the less the 
affinity of the conducting plate for oxygen, the greater the 
action. In the second place, the result increases with the 
size of the plates, particularly the conducting plate ; it is of 
no use to increase the zinc surface if the copper or platinum 
surface remain the same. 

The resistance in the circle is, first, that of the fluid con- 
ductors in the cells ; and second, that of the solid conductors, or 
the wires that 01ose the circuit. The smaller these resistances 
the more powerful the current. 
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^thy The resistance of the fluid is in proportion to the thick- 
ness of the layer between the plates. By placing the plates 
very near, the enclosed liquid is so much thinner, and less 
resisting*. 

The resistance in passing through the wires is as their 
length, and as their thinness. The shorter and thicker a wire 
is the more easily does the current traverse it. 

Qthy The tension or strength of the electricity increases with 
the number of the plates. If the plates are few and large, the 
quantity that could be produced is very great ; but if there 
be much resistance, it is completely checked. Hence if the 
circuit is closed with bad conductors, or if the wires are long 
and thin, a battery of many plates is necessary ; but if the 
circuit is closed by good conductors, and the resistance in 
every way small, a few plates will maintain the current, and 
produce it in considerable quantity. 

147. The conducting powers of the metals themselves are 
very unequal, supposing them made into wires of equal sizes. 
The following table expresses the comparative powers of 
several of them : — 

Silver, . . . 136 Platinum, . . 22 

Gold, . . .103 Iron, ... 17 

Copper, . . . 100 Mercury, . . 2*6 

Zinc, .... 28 

Thus a copper wire of 100 feet offers the same resistance as 
a silver wire of 136 feet, or an iron wire of 17, all of equal 
thickness. Hence in considering the resistance offered by 
the solid parts of the circuit, the material that it is com- 
posed of must be attended to. 

148. In like manner, there are great differences in the con- 
ducting powers of liquids. Distilled water is very weak com- 
pared with saline solutions, alkalies, and acids ; but the best 
of liquid conductors are very feeble compared with the metals. 

EFFECTS OF VOLTAIC ELECTRICITY. 

149. The voltaic current may produce Heat, Light, Chemical 
Decomposition, and Mechanical Power, as well as actions on 
the Animal Frame. 

150. The production of heat takes place when the current 
is resisted, but not entirely checked. Thus if the circuit be 
closed by a bad conductor, and the tension high enough never- 
theless to force a current through, the resisting portion is 
intensely heated. It is a general rule, that \Nihen electricity 
is interrupted, it passes into heat. Thus if a powerful pile is 
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closed by a thin wire^ the latter is very soon tunied red-hot 
and melted away. It gold leaf is made a part of the circuit, it 
is quickly heated and volatilised. Platinum, which cannot be 
melted by the heat of ordinary furnaces, yields to the voltaic 
pile. Iron and steel wire are melted and burned with the 
emission of brilliant sparks. Thus electricity is one of the 
means of producing very high degrees of heat. In this action 
upon bad conductors we have one of the links which associate 
electricity and heat : a simple mechanical circumstance suffices 
to convert the one into the other. The relative conductibili- 
ties of metals and other bodies can be experimentally deter- 
mined by observing their rise of temperature when a current 
is transmitted: that which becomes hottest is set down as 
the worst conductor when other circumstances are alike. 

151. The fusion of all the metals, as well as of many of 
their mineral compounds, can be effected by passing powerful 
currents through them when they are attenuated into leaves 
or fine wire. 

152. Light can also be produced by the voltaic circuit, 
sometimes of very great brilliancy. The circumstance of its 
appearance is the same as in machine electricity ; namely, a 
disruptive discharge through a bad conductor. Of course 
when bodies are hig’hly heated they become luminous, as a 
mere consequence of the heat. The metals, when made red- 
hot, or burned by electricity, have exactly the same luminous 
appearance as they always have when subjected to the same 
heating action. The instant that a circuit is closed by bringing 
the wires together, a spark is seen at the joining ; and if, after 
contact, the ends of the wires are kept at a little distance, a 
constant stream of sparks passes between them. But the 
greatest brilliancy of light is caused by making the wires end 
in pieces of charcoal, and bringing the points of the charcoal 
together. A dazzling spark is now produced ; and if the pile 
be powerful, a brilliant stream may pass from one point to 
another, while they are held a little way apart. In the 
course of the action, the charcoal points are worn away ; a 
stream of particles constantly flows from the one to the other ; 
and the light issues from these particles, as the white light 
of a gas flame comes from the particles of carbon which are 
thrown out into the flame, and remain there red-hot for an 
instant before being burned. When sparks are passed between 
metallic wires or balls, it is found that the surfaces are 
scathed, as if their outer particles were tom off and sent in a 
shower through the blank interval between the two. The 
disruptive dii^harge is always productive of mechanical vio- 
lence and heat, both on the suriaces of the conductors and on 
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the substance of the intervening* dielectric, and this may be 
the primary cause of the spark. 

153. The chemical action of the pile in decomposing com- 
pound substances is the most important of all its effects, an^ 
IS such as to render it a great chemical agency. The electric 
circuit is a medium whereby the power evolved when two 
bodies combine can be caiTied to a distance and made to sepa- 
rate a combination, or reduce a compound to its elements. 
This power was discovered in the beginning of the present 
century by Carlisle and Nicholson. The first substance de- 
composed was water, which had been previously shown to be 
a compound, by producing it from oxygen and hydrogen 
burned together. The inverse process of reducing the water 
to its separate gases had not been effected before. If the two 
wires of a battery are immersed in water at a little distance 
from one another, bubbles of gas appear at each. The gases 
may be collected by glass bells (adapted to the collection of 
gases) being placed over each wire. The wires are formed of 
platinum, which has no affinity for either gas ; if they were 
of iron, the oxygen would combine with the point of the wire 
on which it is evolved, and form an oxide. The quantity evolved 
will increase as the wires are brought nearer ; and it is in- 
creased still further by substituting metallic leaves or thin 
strips for the wires. Oxygen always rises at the positive wire, 
or the wire from the copper or platinum end of the battery ; 
and hydrogen at the negative, or the wire coming from the 
zinc end. The bulk of the hydrogen produced is twice that of 
the oxygen, which is in accordance with the proportions which 
combine together to produce water. 

154. The action which takes place in the water by a current 
of electricity passing through it, is a series of decompositions 
and combinations exactly like that described as occurring 
between the copper and zinc in the cell. The positive wire 
attracts a particle of water by its negative atom, the oxygen, 
and with a force that overpowers its attraction for the hydro- 
gen atom, which is set free with a high negative charge ; by 
this charge the hydrogen acts on the next oxygen atom, and 
draws it away from its hydrogen, making a new particle of 
water. The nydrogen, now set free, goes to a third water 
particle, and decomposes it ; and so on till the other wire is 
reached, which, being highly positive, the hydrogen ulti- 
mately comes upon it, and is carried off, so that although 
decomposition passes all through, the gases are set free only 
at the wires. Here, then, we have the electricity given forth 
by the combination of zinc with oxygen in the cell, passed 
along and expended in overcoming the affinity of the two 
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elements of water for each other. In this case we may say 
that electricity and chemical affinity are one and the same 
thing ; the electricity is, in fact, nothing else than chemical 
affinity set free and conducted round a circle in a current, to 
act as such in another place. The remarkable thing is, that 
the chemical polarity is transmissible through metallic con- 
ductors, as well as through compound substances, where it 
acts strictly in its own character. 

155. When Sir Humphry Davy had constructed the Royal 
Institution’s large battery of 2000 plates, he applied it to the 
decomposition of bodies, and discovered that the alkalies, such 
as potash and soda, resolved themselves into oxygen and a 
metal. The earths (lime, for example) were similarly decom- 
posed. The discoveries of Davy have been extensively fol- 
lowed up, and the conditions of electrical decomposition accu- 
rately ascertained. It is not all compounds that can be 
decomposed by the voltaic battery. 

156. The term electrolysis is applied to decomposition by 
electricity ; analysis being the term used by chemists for ordi- 
nary decomposition. Bodies which can be decomposed by the 
current are called Electrolytes, 

l5^. The first principle of electrolysis is, that the compound 
must be in a liquid state. Solids are not decomposable. Ice, 
for example, resists the most powerful currents. Hence if a 
solid body is insoluble, it must be melted, and in that state 
held between the poles of the battery. 

2^Z, The second principle is, that the elements always take 
a definite dii’ection. The oxygen goes uniformly to the posi- 
tive pole, and hydrogen or a metal to the negative. Upon 
this tendency substances are classed and set down as posi- 
tive or negative in chai’acter, according to the pole to which 
they go. Thus oxygen being attracted to the positive pole, is 
reckoned an electro-negative substance ; hydrogen and metals 
electro-positive. When a salt is decomposed, the acid goes to 
the positive pole, the base to the negative. If sulphate of 
copper, for example, were taken, sulphuric acid woula appear 
at tne positive pole, proving itself to be electro-negative like 
oxygen. 

3a, In the third place, the chemical actions are equal to one 
another j the combination which originates the electricity is 
exactly equal to the decomposition that it can cause. A cer- 
tain amount of zinc, oxidised and dissolved, will yield an equi- 
valent amount of decomposing force ; or should, if the con- 
duction were perfect, decompose exactly the same quantity of 
oxide of zin%. When substances are combined together in 
chemical union, there is generally an evolution of heat or 
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electricity, as if less of these was required in the compound 
than is contained in the substances in their separate state. 
According*ly, when a compound is decomposed, whatever was 
given out at the time of its formation is taken back again ; so^ 
9iat while combinations give forth certain influences, decom- 
position absorbs these. And in the voltaic circuit, it is found 
that the decomposition between the wires is exactly measured 
by the amount of material consumed in the cells, according to 
tne scale of atomic proportions. It is precisely analogous to 
the case of what is termed the double decomposition of salts, 

4:thy None but simple compounds can be decomposed. Com- 
plex compounds, such as sulphuric acid, nitric acid, peroxides, 
and perchlorides, are not decomposable by the current. Pro- 
toxides and protochlorides, or the combinations of metals 
with the lowest proportion of o:^gen and chlorine, represent 
the decomposable substances. Chlorine, like oxygen, is an 
electro-negative element: when it has been combined with 
hydrogen (hydrochloric acid), or with a metal, it is evolved 
at the positive wire of the circuit. The elements of hydro- 
chloric acid are sometimes used to designate the two consti- 
tuents of an electrolyte : the atoms that pass to the positive 
pole are called the chlorous molecules ; the others, which pass 
to the negative pole, are called the hydrous molecules. 

bthj The affinities of the most opposite substances are the 
most liable to be overcome by the electrical current. Thus 
oxygen and the metals are reckoned intensely opposite in 
their character, and by virtue of this opposition, their chemical 
affinity (which is regulated on the principles of polarity, 
where opposites attract) is intense; and the action of elec- 
tricity in counteracting this affinity is also decided. Chloride 
of sulphur, which is a compound of elements not much 
opposed to each other, is not decomposed by electricity. 

157. The shock of the voltaic pile differs from the discharge 
of a Leyden jar ; the electricity of the pile being of feeble in- 
tensity, it does not give the blow received from the jar. The 
greatest shock is derived from the pile of many plates. If, 
after moistening the hands in salt water, to heighten the 
conducting power of the skin, we grasp the two wires, one in 
each hand, a shock is felt at the first contact, and then a 
heating current up the arms, and a tingling sensation in the 
hands. A shock is also felt at the separation, arising from 
the sudden return of the polarised fibres of the arms to their 
natural state. If the tongue is placed between two wires, or 
between a piece of zinc and a piece of silver which touch one 
another, a bitter taste is felt. When a current jAisses in any 
way through the eyes, a flash of light is seen. When strong 
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voltaic batteries are discharged through the bodies of animals 
recently dead, their limbs and features are convulsed and 
made alive in a hideous way. Experiments have been made 
pn executed criminals, which showed that electricity could in 
some degree act the part of the nervous currents in moving 
the bodily organs. By stimulating the nerves of the lungs, a 
laborious breathing was recommenced ; by passing currents 
through the nerves of the face, the features moved and 
stretched themselves out into horrible grimaces ; when one 
wire was connected with the hip and another with the heel, 
the leg, if bent, threw itself out with great force. In the 
same way the fist could be closed or the hand opened by 
touching the proper nerves with one wire and the points of 
the fingers with the other. These results are only extensions 
of the original experiments of Galvani. 

APPLICATIONS OF THE VOLTAIC CURRENT. 

158. The first practical application of voltaic electricity to 
the arts, was the protection of the copper bottoms of ships 
from the destructive action of the sea water. Sir Humphry 
Davy suggested that nails or wires of zinc should be fastened 
at intervals on the copper plates, which would cause a circuit 
to be formed of copper, zinc, and salt wjiter. In this case the 
copper would cease to be acted oh by the water, and would 
serve as a conducting plate to the zinc, which would be the 
substance wasted. Thus a small expenditure of zinc would 
come in place of a great expenditure of copper. A piece of 
zinc, equal to the head of a small nail, was found sufficient to 
protect between forty and fifty square inches of copper. The 
value of the application was, however, neutralised by a conse- 
quence which had not been foreseen. The protected copper 
bottom rapidly acquired a coating of sea-weeds and shell-fish, 
whose friction on the water became a serious resistance to the 
motion of the vessel, and it was discovered that the bitter 
poisonous taste of the copper surface, when oxidised, acted 
in preventing the adhesion of living objects. The principle, 
however, has been applied with success to protect the iron 
pans used in evaporating sea water. 

159. The greatest application of the voltaic circuit is the 
'Electrotype ; or the process of multiplying impressions of 
medals, coins, engraved plates, busts, &c. which was developed 
about the same time by M. Jacobi of St Petersburg and Mr 
Spencer of Liverpool. It is founded on what takes place in 
the circle of*Daniell, where a solution of sulphate of copper is 
in contact with the copper plate, and deposits on it metallic 
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copper. If the original plate were of a certain form, the de- 
posited plate would exactly fit it ; and if the latter could be 
taken off whole, its surface would be exactly the reverse of the 
former. If the one were a coin in relief, the other would be a, 
coin with a hollow impression. As the copper is deposited in 
a shower of the finest particles, it must completely enter all 
the depressions and lines of the plate, and form a surface so 
faithfully exact in its correspondence, that no human percep- 
tion could discern a difference. The requisites of the process 
are, that the thing to be copied shall have a metallic surface, 
so that it may become the conducting plate of a circle — that 
something be done to prevent the coating from adhering too 
strongly to the original — and that the deposition should be 
so conducted that the deposited plate may have a close 
metallic texture. 

160. The first discoverers confined themselves to the copy- 
ing of metallic surfaces, such as copper plates and coins ; but 
a method has been found of copying* plaster of Paris, wax, 
wood, or any non-conducting substance, by covering the sur- 
face with black lead — a form of charcoal, which answers the 
purpose of a conducting plate. 

161. The apparatus for copying a medal or coin consists of 
a cylindrical vessel, containing in it another cylinder of 

porous porcelain to serve as a diaphragm. Thus 
A is the outft’ cylinder; H is the diaphragm, 
which contains the zinc plate Z immersed in 
acidulated water. The outer space is tilled with 
sulphate of copper, and in it hangs the original 
medal M, connected by an arching wire W with 
the zinc, and making a voltaic circle. The medal 
is covered over with wax or grease behind, and 
on the edges, or wherever the copper is not to be 
deposited. To prevent inseparable adhesion, the 
face is covered with a slight varnish. The action 
of the circle then precipitates copper on the 
naked surface of the medal, and goes on adding 
to it as long as may be desired. If the action is slow, the 
coating is so much the harder. To make a good impression 
of tolerable thickness, one or two days are allowed. If the 
hollow impression thus derived is put into the circle, and 
itself coated, a surface will be produced in relief, which will 
be a perfect fac-simile of the original coin. To save the double 
process of making first a hollow and then a relief, a cast of 
the original may be taken in wax or plaster of Paris, or other 
fusible material ; this cast will then receive a surface of black 
lead, or of fine copper bronze, which can be laid on with a 
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brush. It is now a conductor, and may be inserted in the 
circle to receive a deposit, which will exactly resemble the 
orig'inal object. 

162. To make gold or silver medals, solutions of salts of 
'these metals must be substituted for the sulphate of copper. 
The surface deposited on requires also to be previously coated 
with gold or silver. The difficult of the process is much 
greater with the precious metals. It requires a more power- 
ful current to precipitate them. For silver, the solution may 
be nitrate, sulphate, or acetate ; for gold, a very strong nitro- 
muriatic solution (chloride of gold) is requisite. 

163. For copying engraved copper plates a larger apparatus 

is used : the circuit is completed with copper ana zinc, like a 
DanielPs circle, and the deposition is made in a vessel apart, 
in the manner that decompositions are effected. Thus the ves- 
sel D D contains a cylin- ^ 

derofcopper, whose place X 

is marked by the waved / / 

lines E E ; within this J o Jn 

there is a porous cylin- cEFlF^TH 

der GOO for a dia- T \ T ^ 

phragm, and within it a ^ ^ \z z I ^ 

zinc cylinder Z Z, nearly < < 

filling the porous cylin- ji: k 

der, but not touching it. -- 

The usual charge of '^ | ^ _ | _ oil 

liquids is applied without 

and within the porous partition. On the copper cylinder there 
rests a perforated cover S S for holding crystals of sulphate of 
copper, to keep the solution beneath in a state of saturation. 
Thus are supplied all the parts of a single circle. In a vessel 
apart, AB, lies the plate to be coated h, connected by a wire with 
the zinc cylinder of the circle. Another plate c, of oxidisable 
metal, faces it at a little distance, and both are immersed in 
the solution which is to furnish the metallic precipitate. The 
connecting wires proceeding from the plates in the circle are 
fastened tight to the wires from b and c, by screws X and Y, 
to make the conduction as good as possible. When the circle 
is closed, electricity is generated in the cylinder, and passed 
to the plates in the depositing vessel. The liquid between 
these plates is decomposed, oxygen is evolved at c the nega- 
tive pole, and metal on b the positive pole. The plate b being 
prepared in the manner above described in reference to medals, 
by coating the back and edges with wax, to limit the deposi- 
tion, and by» varnishing the face to prevent adhesion, a re- 
verse copy of its surface is procured. If the original engraved 
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plate is employed, the plate formed from it when put into the 
apparatus, will be covered with a second plate identical with 
the original ; or if a cast is first taken, an identical copy may 
be procured by one deposition. It is possible, by regulating 
the circle, to obtain a deposited plate superior to the engraved 
plate in the quality of the impressions which it gives when 
printed from. 

164. The improvement thus effected in the art of engraving 
is very great. When a copper plate is engraved, and impres- 
sions printed off from it, only the first few, called “ proof im- 
messions,” possess the fineness of the engraver^s delineation. 
The plate rapidly wears and becomes deteriorated. But by 
the voltaic process, the original plate can at once be multiplied 
into a great many plates as good as itself, and an unlimited 
number of the finest impressions procured. 

165. Another form of applying voltaic electricity to the 
plastic arts, is the voltaic etching. The ordinary process of 
etching consists in covering a copper plate with a coating 
of wax, and by a graving-tool cutting out the sketch in the 
wax down to the bare copper. The portions intended to be 
in relief are left covered, and those to be hollowed out are 
laid bare. The plate is then immersed in acid, which eats 
away the exposed surface to some depth, but is prevented 
from acting on what is covered with wax. The wax is then 
dissolved away, and there remains a sketch in relief of the 
engraver’s design. But by the new process, the plate, after 
being waxed and sketched, is immersed in the depositing 
vessel of the circuit, and is coated with copper wherever the 
wax has been cut away; and in this manner a relief surface 
is given corresponding to the figure that was formed in the 
wax. This is the opposite of the acid action, which makes 
the hollows where the plate is laid bare ; and therefore, in 
engraving the surface, an opposite course has to be pursued. 
The wax must be cut where relief is wanted, and left where 
the hollows ought to be. 

166. A still further extension of the art of voltaic engraving 
has been proposed by Kobell of Munich, by which pictures 
drawn in Indian ink may be multiplied. A copper plate, sil- 
vered over, is used for drawing on. The colour is spread over 
the silver surface in such a way that the brightest lights are 
naked silver, and the paint is laid on according to the depth of 
the shadow, the strongest shadows having the thickest coat- 
ing. The plate is then covered over with a wash of finely- 
pulverised black-lead, and put into the depositing cell, and a 
copper plate formed upon it. This plate wilb be in relief 
where the lights of the painting are, and hollowed in proper- 
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tion to the depths of the shadows. If it is now printed from 
in the manner of an engraved copper plate, it will yield im- 
pressions similar to an Indian ink drawing. 

, 167. Oilding and plating are now performed very success- 

fully by voltaic deposition. Any metallic surface can be 
gilded, or silver-plated, to w’hatever thickness may be desired. 
A platinum surface can also be communicated. In this way 
the precious metals can have their usefulness very much 
extended. Plants may, in like manner, be coated over with 
copper, and have their forms preserved for any length of 
time. So baskets and wickerwork can have a metallic surface 
communicated to them. 


ELECTEO-MAGNETISM. 

168. It had long been observed that electricity was capable 
of producing magnetic effects. The needles of ships^ com- 
passes, when struck with lightning, always underwent a 
change in their magnetic character : on some occasions their 
poles have been reversed, what was the north before becoming 
the south. Disturbances of needles have also been caused by 
shocks from Leyden batteries. It was thus generally sup- 
posed that an intimate connection of some kind subsisted 
Detween electricity and magnetism. The discovery of the 
real nature of this connection was made in 1820 by Professor 
Oersted of Copenhagen. 

169. If a magnetic needle is held along the conducting 
wire of a voltaic circle in action, it is made to deviate : if it 
is suspended along and above the wire, it instantly turns 
about and hangs directly across it : if it is next hung along 
and beneath the wire, it will deviate and lie across, but the 
ends will be the reverse of the former case — the end that went 
to one side of the wire is now on the other side : if the needle 
is hung along the wire at one side, or in the same horizontal 

S lane, it dips ; one end falling beneath the level of the con- 
ucting wire, the other rising above it : if carried to the 
other side of the wire (without being reversed), it dips in the 
same way, but the pole that was dowm is now up. Thus it 
appears that a voltaic current has the power of acting on a 
needle; but that this power lies not in the direction of the 
wire, but across it. It is as if a magnetic power encompassed 
or circulatecf round the channel where electricity flows ; or 
as if a particle, in receiving and transmitting the electrical 
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polarity, acquired also a pair of magnetic poles and a mag’- 
netic axis, lying directly across the electric axis. Thus let 
there be two adjoining particles of conducting wire, and sup- 
pose that the passage of th^‘ 
electricity lies through them, 
/ transmitting it, 

l_ J -V ^ ^3 positive, h negative, and 

t I J ^ positive, and d negative ; 

\ y y then drawing a cross axis jt?/?', 

the points p and p' are mag- 
netic poles; or rather if a 
cross circle were described, the whole circumference would be 
magnetic ; a current of magnetic attraction would go round 
it, so long as a current of electrical polarities went along 
from one to the other. Thus while the line of chemic{3 


attraction lies one way, the line of magnetic attraction is 
transverse to it. In chemical decompositions, the separated 
elements pass in the direction of the current, the attractions 
and repulsions which it produces on them are in its own 
course ; but the attractions and repulsions that it exerts on 
magnetic bars is across or around its course. Under this 
singular and unexpected condition an electric current is a 
magnetic force. The voltaic circuit is a revolving magnet. 

170. We have stated that if a needle he hung along the side 
of a voltaic wire, and level with it, one end will be depressed 
and the other elevated. If the needle has its ends reversed, 
while it is kept on the same side of the wire, the same pole 
will be down, although pointing along the wire in the oppo- 
site direction. But if the voltaic current is reversed mean- 


while, by fastening to the copper the end of the wire that 
came from the zinc, the dip of the needle is reversed, the 
raised pole is now depressed. So that the new magnetic force 
has a genuine polar character : a south pole circulates round 
the wire one way, and a north pole the opposite way, with 
the same current ; but the reversing of the current makes a 
reversal of the magnetic circulation. 

171. The connection between positive and negative currents, 
and north and south poles, is somewhat puzzling to remember. 
It must, in the first place, be borne in mind, that the north 
pole of a needle is that which points to the north pole of the 
earth: this designation, although erroneous, and against the 
laws of magnetic attraction, still continues to be used. Let AB 
be a portion of a conducting wire, A being the negative or zinc 
end, and B the positive or copper end. Then a current of 
positive electricity is flowing from A to B, or ifom right to 
left, and a current of negative electricity from left to right. 
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If now the needle is held along and above the wire, its north 
pole will go away from the observer in the direction of the 
arrow at a : if it is held below the wire, in taking its cross 
position the north pole will point 
to the observer in the direction of 


f \ 




the arrow f. When held along 
the wire on the same level, and 
between it and the observer, the 
north pole is elevated, as is pointed 
out at c ; on the other side of the 
wire, the north pole is depressed, " 

as shown by the direction of the ^ 

arrows at e. Thus while a positive current of electricity flows 
from right to left, the north pole of a needle is carried round 
in the direction that we would turn a handle with the right 
hand ; and consequently a curi^ent of south magnetism flows 
in that direction. Or we may say that if a positive current 
passes before the breast from right to left, the head would 
represent the north pole of the attracted needle, and the feet 
the south pole. 

172. If the wire of an electric circuit is thus a magnet, it 
ought to show attractions and repulsions for other electric 
wires. This actually takes place. If the wires of two circuits 
are laid alongside of each other, and are free to move, they 
are mutually repelled if the direction of the current is the 
same in both, and attracted if the currents are contrary; so 
that without the mediation of a steel magnet, the forces cir- 
culating round the wires are able to show themselves. 

173. Nothing but a current of electricity can produce mag- 
netic power: the charge of a Leyden battery, however in- 
tense, has no effect. But during the discharge, which makes 
a current to flow, the magnetism may become apparent. For 
magnetic purposes the intensity of a current avails nothing, 
intensity being connected with stagnation or resistance ; the 
effect depends solely on the quantity. Hence batteries made 
up of very large circles are used in electro -magnetism. 
Chemical and magnetic power are both in proportion to the 
q^uantity of the excitement, without regard to its tension, or 
that virtue whereby it could strike a blow or force its way 
through resistance. 

174. An apparatus has been contrived to exhibit in action 
the revolving power of the magnetism of the electric current. 
It may be so arranged that a magnet shall revolve round a 
wire ; or, on the other hand, that a wire shall revolve about a 
magnet. Th# figure represents the method of producing both 
effects. M is a glass cup containing mercury, through whose 
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bottom rises a wire from a the conductor of a circle. To the 
bottom of the cup is attached by a thread a magnetic rod 
which floats in the mercury, and is long enough to rise above 
the surface. Another wire, Ced^ coming through the pillar C 

from the other end of the 
circle, dips into the mer- 
cury, and a metallic corn- 
ed munication is thus formed 

between it and the wire 
entering at the bottom of 
the cup. A currej^t of elec- 
tricity now passes along the 
wires and through the mer- 
cury. The upper end of the 
magnet h is within the range 
of the force circulating 
around and, being free to 
move, it actually revolves 
about the wire so long as the current continues. By the 
arrangement in the other half of the figure, the wire revolves 
round the magnet. N is a glass cup of mercury, and F 
a magnet fixed to the bottom, and projecting above the sur- 
face. The wire from x enters the bottom of the cup and 
touches the mercury. The wire d is hung from a hook, and 
its end dips into the mercury, which forms a metallic or con- 
ducting connection between it and the bottom wire. The 
circuit being closed, the magnetic action commences; the 
current of force circulating around the wire encounters F the 
pole of the magnet ; there is a mutual action, but F, being 
fixed, the movement takes place on the wire, which describes 
a circle in the mercury around F. Both actions may go on 
from one current, circulating along aheCdx, and the revolu- 
tions will be in the same direction ; for although the current 
that passes up one wire passes down the other, and reverses 
the magnetic circulation, this is exactly met by the magnet 
moving in one case and the wire in the other. If the same 
current passed up both wires, the revolutions in this arrange- 
ment would be opposite. 

175. A magnet has been made to revolve about itself by 
passing an electrical current through it, to the middle, and no 
farther. If the current were passed from end to end, it would 
urge the one end to revolve one way and the other in an 
opposite way, and no eflfect would arise ; but by confining it 
to one-half, the rotation is produced. This may be done by 
immersing it up to the middle in mercury, anU passing elec- 
tricity into it at the upper end. The current on descending 
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the bar to the surface of the mercury passes off there with- 
out entering the immersed half. 

176. The electro -magnetic force acts upon soft unmag- 
.netised iron on the same principle as the ordinary magnet. 

Indeed its power is best developed by being inductively com- 
municated to soft iron bars, which are magnets so long as 
they are under its influence. An iron bar, made magnetic in 
this way by an electric current, becomes an electro-magnet, 
and by it we can produce every effect of the common magnet. 

177. A needle of soft iron, laid across a conducting wire, 
lies in the wire’s magnetic direction, and is magnetised by 
induction. But the action of a single straight wire upon 
an iron rod would be very feeble. Ifj however, we bend the 
wire round the rod, and coil it again and again, we increase 
the amount of the magnetic circles which act on the iron. 
Instead of an inch of wire communicating its influence, we 
may have the inductive force of many feet, and a very power- 
ful magnetism will be imparted. It is by coiled wures, there- 
fore, that electro-magnets are formed. A spiral coil is techni- 
cally called a helix. Such a form possesses all the powers 
and properties of a magnetic bar when the electric current 
passes through it. It attracts and repels other magnets, com- 
municates temporary magnetism to soft iron by induction, 
and permanently magnetises steel. 

178. A striking effect of the attraction of a magnetic bar 
by a helix is shown in the figure, which represents a coil end- 
ing in two little cups P 
and py where the commu- 
nications are made with 
the poles of the battery ; 
a small portion of mercury 
is poured into each cup, 
and the battery wires are 
dipped in the mercury, 

which thus forms a very perfect metallic junction. If a mag- 
net S N is laid in the coil, and the circle completed, the action 
is such that the magnet starts up and suspends itself in air 
in the centre of the hollow, and hangs there so long as the 
electricity circulates. The opposing actions of the different 
ends and sides of the wire so neutralise each other, that it 
is not drawn either out or in, or nearer to one side than to 
another; and its only position of rest is a nearly central 
station : its own weight necessarily adds to the downward 
tendency, an^ keeps it a little below the axis of the spiral. 

179. In communicating temporary magnetism to a soft 
iron bar, with the view of forming the electro-magnet, we 
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may choose either a straight bar or a horse-shoe : the latter 
is represented in the figure: — The wire a from one pole of 
the circuit, is coiled round and round the iron many times, 
and goes olf at b to join the other pole. 
If the positive current pass in at a, a will 
be the north pole of the magnet, and b the 
south, according to the rule already laid 
down. To make a powerful magnet, the 
copper wire should be thick, and covered 
with silk, to prevent the electricity from 
passing sideways from one coil to another, 
or to the iron bar. A lifter is attached 
for the suspension of weights. An 
electro -magnet may be made of far greater power than an 
ordinary magnet of the same size. A horse-shoe, whose arms 
are eighteen inches long’, and two inches thick, may be made 
to sustain 1000 lbs. if a strong current is passed through it. 

180. To determine which is the north and which the south 
ole of an electro-magnet, we can revert to the action already 
escribed of a straight wire on a needle. If a wire lies before 

us across our breast, and if a positive current passes from 
right to left, a needle’s north pole is made to describe a right- 
handed circle — that is, the south pole of the wire’s magnetism 
goes round in the circle in which the right hand would move 
a winch. If, therefore, a soft rod lies up and down on the 
other side of the wire from us, its lower end will be south and 
its upper end north, these being the poles of the wire’s re- 
volving action. If the wire is now coiled round it while it 
stands upright, the effect will continue the same, so long as 
ositive electricity passes from right to left along the coil 
etween our breast and the bar. Suppose we clasp our arms 
round a tree, and that a positive current circulates from the 
right hand along the right arm across the breast to the left ; 
in this case the top of the tree would represent the north pole 
and the root the south. 

181. If a steel needle or bar is laid in the inside of a helix, 
and a strong current passed along, it will acquire a permanent 
magnetism. The helix which answers best for this purpose is 
a short thick coil, formed by first winding the wire into one 
spiral, and then laying upon it a second layer, and then a 
third, and so on till a great thickness is reached. A power- 
ful current is sent through it, and the bar inserted and moved 
once forward its whole length, then backward till its middle 
is in the centre of the coil ; the current is the^ stopped, and 
the bar taken out perfectly magnetised. 

182. Thus the electro -magnetic power is in all respects 
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identical with the loadstone and the earth^s magnetism ; only 
it can be raised to a much higher degree of intensity than 
ordinary magnetism. By using a strong battery of Grovers 
construction, a mechanical force can be developed which is 
perfectly enormous. There is scarcely any limit to the 
power which may thus be created. The wire in contact with 
the iron may, by successive coilings layer above layer, be 
extended to hundreds of feet ; and if the battery is powerful 
enough to send the current through the entire length, the 
magnetism is increased in proportion to the quantity of the 
wire accumulated round it. 

183. The electro-magnetic action has been applied to form 
an electrometer of a very delicate kind, which is essential in 
experimenting with voltaic currents and electricity of weak 
tension. It is the proper voltaic electrometer or galvanometer. 
If a magnetic needle S N is 

suspended within several ^ 
bendings of conducting 
wire ABODE, and hung ^ 
parallel with the wires, the 
setting on of the current will make it deviate and lie across ; 
it will thus be a visible mark of the passage of electricity. 
It will be turned aside by nearly four times the force that 
would be exerted by a single wire ; hence the apparatus has 
been called a multiplier. But instead of two circles of coil, 
fifty or a hundred may be made, forming a helix with an 
oval section, and within this the needle is hung. When the 
instrument is used, it is placed so that the direction of the 
helix is in the magnetic meridian ; hence the needle will, 
under the earth’s attraction alone, lie exactly alongside of 
the wires. When the current is set on, a deviation will take 
place ; but the needle will not be. carried so far as to lie 
directly across, unless the current be as strong as completely 
to overcome its polarity to the earth, and its own inertia and 
the resistance of the suspension. With a weak current, the 
deviation may be very trifling, but as the current increases in 
strength, it becomes greater ; hence the angle described is a 
measure of the power of the charge sent through' the wire. 

184. An improvement has been made upon the instrument, 
which gets rid of the action of the earth’s magnetism, and 
consequently leaves the needle more free to move aside under 
the influence of the electrified helix. Instead of one needle 
hanging within, two needles are used, one within and the 
other above the oval coil ; the upper one having its poles lying 
reverse to thePlower, as in the figure. N S is the inner needle, 
S' N' the outer ; being on different sides of the set of wires, 
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they would deviate in opposite ways if their poles were in the 
same direction ; but the reversal of the poles causes different 
sides of the current to move them both in one direction. The 

two may therefore be 
fixed on one axis of 
suspension, and they 
will act under the in- 
fluence of current as a 
single needle. But the 
earth’s magnetism will 
of course affect each of them : since, however, they lie in oppo- 
site directions, it will tend to draw N' one way, and S', wnich 
is on the same end, the other way ; and the two attractions 
will neutralise each other, so that no movement will arise 
from the operation of the earth’s magnetism, if the needles 
have exactly the same degree of polarity. It is unnecessary 
with this instrument to attend to a meridian position; and 
the deviation will be much greater from any given current 
than with the single needle; consequently the indications 
will be more delicate. By this instrument very feeble currents 
can be made apparent. 

185. For measuring the force of powerful currents, it is not 
necessary to coil the wire or to use a silk thread for suspend- 
ing the needle. A single coil placed in the 'Inagnetic meri- 
dian, and enclosing a needle on a point, will serve to measure 
the strength of such currents. The stronger the current, the 
more will it overpower the tendency of the needle to point to 
the north, and hence the angle of deviation from the direction 
of the coil or the magnetic meridian will correspond to the 
strength of the circulating electricity, 

ELECTRO-MAGNETIC MACHINES. 

186. Many important practical applications have been made 
of the voltaic magnetism. Of these the most prominent is the 
Electrical Telegraph, invented by Professor Wheatstone, and 
perfected by him and others, and now in extensive operation 
over the lines of railways. 

187. The electrical telegraph depends on the power of an 
electric current to cause the deviation of a magnetic needle, 
and on the great distance that the power may be conveyed. 
In the experiments of Mr Wheatstone, it appeared that a 
current could be transmitted through four hundred miles of 
wire without being extinguished ; so that at the end of that 
distance it could cause a sensible magnetic actionl 

188. The apparatus of the telegraph consists, in the first 
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place, of a line of conducting wire suspended on poles, and 
reaching from station to station. On the first introduction 
of the telegraph, a pair of parallel wires was thought neces- 
s^iry, in order to complete the voltaic circle ; but it is now 
found that the earth can make the returning part of the 
circuit, and that it may therefore be formed by means of a 
single wire. At each end, the wire is carried down to the 
ground, and attached to a large plate of metal buried there ; 
and the current finds its way through the earth from one of 
the metallic masses to the other. The wire is formed of iron 
coated with zinc by a particular process, and receives the 
name of galvanised iron wire : it rests on the poles in earthen- 
ware tubes, in order to insulate the passing electricity. 

189. The second essential of the telegraph is the battery. 

The kind of battery which seems to answer best is the parti- 
tioned trough, with a pair of copper and zinc plates in each 
cell. The cells are filled with dry sand, which is moistened 
with dilute sulphuric acid when it is to be set in action. 
This arrangement is found to yield a veiy constant and 
enduring voltaic current. The greater the distance between 
the stations, or the longer the circuit, the more powerful of 
course must the battery be. The resistance to the current 
necessarily increases with the length of the wire, and at a 
certain distance it would be too feeble to produce a deviation 
of the needle, or any other palpable movement. , 

190. The third necessary part of the telegraph circuit is the 
needles. These are the indicators of the excitement, and the 
instruments with which the signs are made. In order that the 
current may deflect a needle forcibly, an oval coil is formed 
on the principle of the galvanometer* and two needles are 
used, one witnin the coil and one without, as in the figure, 
which gives a side view of the instrument, n being the inner 
needle, and n' the outer. 

As in the galvanometer, 
the needles are arranged 
with their opposite poles 
together, so that the earth^s magnetic action upon them is 
neutralised; and from their being on different sides of the 
coil, they are both moved in one way by the same current. 
n* is the needle that is visible, and it lies upon a dial-plate 
d d, seen edgeways in the figure. The helix or coil makes 
part of the great circle ; and when the battery is in operation, 
and the circuit closed, the needle is moved across the coil, or 
deflects from tSie upright position which it occupies when 
unexcited. If several needles are mounted on one circuit, all 
will be moved in the same way at the same instant. 
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191. The fourth essential part of the machinery is an appa- 
ratus for making* and breaking the metallic contact, or closing 
and opening the circuit, and also for reversing the current, so 
as to give an opposite deflection of the needle, and thus vary 
the signal. This has been executed in several ways. The 
external instrument is a handle that may be swayed to the 
right or left, according to the deflection to be given to the 
needle. The accompanying cut represents the Norwich Rail- 
way apparatus, 
with its needles 
and handles ; a 
separate wire and 
circuit being ne- 
cessary for each 
needle. So few 
as two needles 
have, however, 
been found suffi- 
cient to make all 
the requisite 
communications. 
The needle to the 
left is seen de- 
flected one way, 
and that in the 
middle the oppo- 
site way. An 
agreement must 
be made as to the 
meanings repre- 
sented by each 
deflection or com- 
bination of deflections. Thus in jx double needle apparatus, 
each letter of the alphabet and each arbitrary sign must have 
a different aspect j and yet there are only four simple move- 
ments which can be made — namely, a right and left deviation 
of each needle ; the combinations of these movements would 
give in all twelve distinct configurations of the needles. But 
by repeating the vibrations, any number of different signals 
may be made — that is, each needle may be deflected once, 
twice, or thrice for the same signal j a pause being allowed 
after the signal is completed, to distinguish between the suc- 
cessive deflections of one sign and the transition to another. 
At the end of a word a particular sign is made to show that 
it has been completed. It is found possible to confmunicate at 
the rate of fifty letters a minute. 
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192. The apparatus for signalling- may be very various, 
and many schemes have been proposed with the view of 
quickening- the process of communication. Bain’s new system 
pnsists of causing^ the electric circuit to make coloured spots 
in a piece of paper soaked with sulphuric acid and prussiate of 
potash ; employing- the chemical instead of the mechanical 
action of the voltaic circle to make the indications. The 
moistened paper is wound in a metallic roller, which is kept 
moving while the end of a metallic spring rests upon it ; the 
apparatus forming part of the great telegraph circle. While 
the circle is broken, no effect is produced ; but when it is 
closed, the current passing through the wet paper effects a 
decomposition that shows itself in a blue spot. At the other 
end of the line an apparatus of a similar kind is placed ; but 
the strip of paper is dry, and acts as an insulator. It has 
holes punched in it, which, in the course of the movement, 
come under the spring, and allow it to touch the naked 
roller, and make a perfect metallic contact, and thereby close 
the circle. At the instant, therefore, a hole passes beneath 
the spring at one end, a coloured spot appears beneath the 
spring in the apparatus at the other end ; so that the series of 
holes are exactly represented in a series of blue spots. If, 
therefore, aggregations of holes are chosen to represent letters 
and signs, these can be faithfully repeated and read ; and the 
apparatus can be driven with far greater rapidity than the 
needle system. 

193. Although the telegraph is by far the greatest applica- 
tion of voltaic electricity and electro-magnetism, it is not the 
only application. Much ingenuity has been spent in con- 
triving machines for bringing electricity into play as a 
prime mover, like wind, water, steam, or gunpowder. The 
mechanical force of an electro-magnet, as we have seen, is 
very great ; and there seems no reason why it should not be 
used as a source of power in moving machinery. Whether it 
would be as cheap or cheaper than steam-power, must de- 
pend on many considerations. But at all events it might be 
found preferable to other prime movers in special cases and 
circumstances. As yet, however, no effective method has 
been contrived for bringing the power to bear upon machinery. 
It has the peculiar character of being a very intense force 
acting through short distances ; and it is requisite that this 
mode of action should be converted into a rotatory motion, in 
order to be generally applicable to movements. An appa- 
ratus has to be formed which will do the same for the magnetic 
attraction th&t Watt contrived for the expansive force of 
steam, when he joined together p cylinder and piston, parallel 
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motion, cross beam and crank, to convert the reciprocating 
steam-pressure into a wheel movement. The magnetic force 
is also a reciprocating force, but of very short range and 
varying power ; and some suitable apparatus must be inter- 
posed to transmit its whole amount to the steady whirl of a 
shaft or axis. The machines hitherto contrived have not been 
able to communicate the whole power of the magnets to the 
rotatory apparatus, and they are therefore no fair criterion of 
the mechanical force which may be obtained from the con- 
sumption of zinc and acids in a voltaic circle. 

194. Mr Bain has succeeded in applying electricity to move 
the pendulums and machinery of clocks. For the ball of the 
pendulum he makes a hollow coil of copper wire, whose open- 
ing or axis looks right and left, or in the direction which the 
pendulum swings. Two magnets are fixed so as to point into 
the opposite ends of the coil, and face each other. If a cur- 
rent of electricity is sent through the coil, it becomes an 
electro-magnet, and is attracted to the nearest magnet. Ac- 
cordingly, means are provided for communicating at every 
vibration a current to the pendulum, and for cutting it off 
while it passes the middle line, and recommunicating it at the 
other end of the sweep. A plate of zinc and a plate of copper 
are buried, facing each other, in the earth at a depth of at 
least nine feet, that there may be a constant supply of mois- 
ture. The damp earth is thus the exciting element of the 
circle, which has a permanent action. Wires are carried from 
the plates, and passed along the pendulum, to connect with 
the coil which forms its ball. About the middle of the pen- 
dulum rod, an arrangement is made whereby the motion of 
the pendulum closes, breaks, and recloses the current according 
to the place where it lies in its vibration. The attraction 
of the magnets is thus made to sustain its motion and the 
motion of the connected wheelwork. It may be regulated 
to beat exact seconds like an ordinary pendulum. 
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’ 195. Magneto-electricity is the counterpart of electro-mag- 
netism : the one explains the production of magnetism by an 
electric current ; the other shows how an electric current may 
be produced from a magnet. This branch of the science was 
created by Professor Faraday. 

196. If an electric current and the magnetism of a bar are 
so closely allied that the first can give rise to the second, it 
was natural to expect that the second should be able to cause 
the first ; or that a magnet might be so placed with reference 
to a conducting wire, as to produce in it a current of electri- 
city. The experiment may be tried in many ways. Thus 
since a helix charged with a current can magnetise a bar 
lying in it, let us take a bar magnet and put it into a coil 
which has no connection with a voltaic circuit, but whose 
ends terminate in a galvanometer, and which forms a complete 
circle of conducting wdre. We have now an active magnet 
lying in an un active helix ; but no current is observed. 
Although the active magnet is in the very place where an 
unactive bar would be magnetised by an active wire, yet the 
circumstances being reversed, the active magnet cannot induce 
magnetic currents around the wire, so as to make electric 
currents run along it. Let us, however, seize hold of the 
magnet, and instead of its lying at rest in the hollow of 
the coil, let it be moved backwards or forwards; a current 
is immediately observed, the needle of the electrometer being 
sensibly deflected. While we continue to move the magnet 
in or out, the current is maintained ; when we let it rest, the 
current ceases : so that an active magnet has the power of 
creating electric currents, if it is moved in the direction of its 
length across a wire or assemblage of wires. The motion of 
the bar is essential to the effect. The necessity of motion is 
owing to the character of the magnetism of a conducting 
wire ; for this magnetism is not a reposing or statical mag- 
netism, but a current or revolving magnetism ; and unless 
the statical magnet is itself set in motion, it cannot be the 
cause of a current magnetism. The electricity arising from 
this action is called Magneto-Electricity. 

197. If an active wire, in connection with a circuit, lies 
alongside of another wire that is inactive and connected with 
a galvanometer, the current of the first has no influence in 
making a cdrrent in the second while both wires are at 
rest ; but at the instant the current is arrested, and the instant 
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that it is set on upon the first wire, a momentary current 
appears on the second. While the current continues, there is 
no action. Let, however, the wires be made to approach each 
other, and a current ensues on the inactive wire * when the^ 
wires are at a stand still it ceases. Or if they are drawn away' 
from each other, a current in like manner arises, but opposite 
to the current during the approach : so that there are two 
methods of passing a current from an active to an inactive 
circle. We may either close or break the active circle, and 
thereby create an instantaneous current ; or we may move the 
wires nearer or farther from each other, and during either 
motion we have a current on the inactive circle ; the approach 
making it in one direction, the recession making it in the 
opposite direction. These effects are designated by the term 
Volta-Electric-Induction ; and the currents Induction Currents. 

198. The approximation or separation of the wires is exactly 
similar to the moving of the magnet in the coil, or across a 
wire. An active wire is a magnet, and if it is moved side- 
ways towards another wire, the effect is the same as if a mag- 
netic bar were moved endways. The side motion of the one 
can do exactly what the longitudinal motion of the other can 
do. In both cases mere proximity has no effect ; but, by 
movement, each can excite a current in a dead circle. 

199. Faraday was able to produce a permanent electric cur- 
rent from a horse-shoe magnet by the following apparatus : — 

A circular plate of 
copper C is made to 
revolve upright on a 
stand, and a handle H 
is fixed on the axis. 
Two conducting wires 
w and w' are connected 
at one extremity with 
the galvanometer //, by 
being plunged in its 
mercury cu])s. At their 
other extremities 'one 
of them, Wy is connected with the axis of the copper plate ; 
the other, w', is made to touch its edge between n and s, the 
poles of the magnet A B, placed as represented in the figure. 
The plate is whirled by means of the handle, and a current 
of electricity is found to circulate round the wires ; the nature 
of the current is reversed when the motion is reversed. The 
inductive effect being the same whether a magnet is moved 
along a conductor or a conductor along a magnet, the action 
is produced here by the copper edge constantly running across 
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the direction of the iron. A current thus arises on the edg’e 
and passes inward to the axis, and thence along* the wire to 
to the electrometer, the opposite current taking the contrary 
course. When the handle is revolved from right to left, the 
positive current in the above apparatus has the direction of 
the arrows. The end of a bar magnet, held near the edge of 
the revolving copper, has the same effect as the horse-shoe. 

200. The identity of electricity and magnetism was still 
fai’ther confirmed when Faraday discovered that a spark 
could be drawn from the magnet. At the moment of making 
or breaking the magnetic contact, or when the lifter either 
completes the connection or breaks it, a spark is sent forth at 
the junction ; or if the lifter is surrounded with a helix, the 
spark may be seen in the circle, by having at one part of it 
two surfaces very near, but not in contact — as a fine point 
almost touching a surface of mercury. The instant the lifter 
strikes the ends of the horse-shoe, or the instant it is drawn 
away, a spark passes through the open interval of the circuit. 

201. An induced current, either from a magnet or from an 
active circle, produces a sensible shock, of the voltaic charac- 
ter, but more severe. Its intensity is higher than the intensity 
of the original current. When the induction is of the tempo- 
rary kind which accompanies the opening and closing of the 
active circle, the shock is instantaneous ; but by keeping up a 
constant induced current by movement, a cotitmuous shock of 
a very painful kind may be communicated. Machines have 
been constructed for producing the permanent induction, 
called Magneto-Electric Machines ; and in causing physiologi- 
cal effects, or for acting on the human body, they are the most 
efficacious of all electrical machines. Their principle is diffe- 
rent from the revolving apparatus of Faraday above described. 
They are contrived so that a lifter may repeatedly make and 
break its contact with the magnet, and thus induce a succes- 
sion of currents upon a circle of wire coiled many times round 
it. The lifter is made as if for an electro-magnet — in other 
words, it is wrapped round with a great many turns of wire ; 
but the coiling is made so that the ends of the magnet point 
as it were into the hollow of the coil — that is, the lifter is not 
simply a cross bar, but has across its ends two cylinders, 
facing the ends of the horse-shoe, and receiving the wire 
coils. If the magnet is now rapidly revolved on an axis 
running between its legs, the constant movement of approach 
and retreat from the coiled lifter maintains a series of cur- 
rents, and these are twice reversed at each revolution ; for 
one kind of current arises when one pole approaches one end 
of the lifter, and an opposite when this pole leaves it and the 
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other pole approaches. This incessant reversal of the current 
is probably the cause of the very painful character of such 
currents when transmitted through the arms. The wires of 
the coil terminate in small copper cylinders, which are held 
one in each hand ; and if the hands are previously moistened 
with salt water, the shock will be experienced to the fullest 
advantage. The more rapidly the magnet is whirled, the 
more intense will be the action. 

202. The machines first constructed made the magnet to 
revolve as above described; but subsequently they were 
formed so as to make the coiled lifter revolve, while the mag- 
net remained fixed. The apparatus is so arranged that the 
shock passes upon the circle through the body only when 
the keeper faces the ends of the magnet ; when the keeper 
leaves tne poles, the connection is broken, and remains broken 
till half a revolution takes place, when the opposite current is 
induced as a shock, and instantly stopped. Thus there is 
given a succession of disjoined and contradictory shocks. 

203. Chemical decomposition has been effected by magneto- 
electricity; but as this demands a copious quantity of the 
current, it requires large magnets to make it apparent. The 
machines are generally compound horse-shoe magnets of large 
dimensions. The wire coiled on the cylindrical branches of 
the keeper is very long, sometimes many hundred yards. For 
chemical decomppsition an arrangement is adopted, called the 
quantity arrangement, for securing a continuous current in 
the same direction, as no decomposition arises when the elec- 
tricity is continually interrupted and reversed; the one 
polarity must necessarily counteract the other. Hence the 
machines which give the most violent shocks are sometimes 
totally inefficacious in decomposing compounds. 

204. As the earth is a magnet, it ought to have the same 
power as other magnets to induce electric currents. Faraday 
succeeded in proving this to be the case, by making the same 
arrangements as were necessary for a portable bar. A con- 
ducting circle is made to revolve across the direction of the 
earth^s magnetic pole, or at right angles to the dipping needle, 
and in this way it acquires an electric current, which can be 
distinctly made evident by the galvanometer. Hence Faraday 
infeiTed that voltaic currents must be frequently generated by 
the accidental movements which take place on the earth. Thus 
in high north latitudes, where the pole lies almost vertically 
down, a wheel revolving horizontally would be moving across 
the magnetic direction, and would have a current induced 
upon it. So even running water in the polar Regions would 
experience voltaic excitement from the earth^s magnetism. 
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205. It has been seen that an electric current, passing 
through an inferior conductor, or in anyway interrupted 
without being completely checked, gives forth heat. Resist- 
ance to its passage is the means of converting the polar ex- 
citement into an increased temperature of the resisting mate- 
rial. On this condition heat and electricity are reciprocal. 
But although it has always been very eaty to produce heat 
by an electric current, it was only in 1832 that the means 
were found of producing an electric current by heat. This 
discovery, made by Professor Seebeck of Berlin, gave rise 
to the science of Thermo-Electricity, which completed the 
evidence of the reciprocity of the electrical and the other 
effects. Volta had produced the excitement by chemical 
action, Professor Faraday from the magnet, and now it is 
derived from heat ; its three greatest effects are thus found to 
be in turn its causes. 

206. When two metals whose susceptibility to heat is un- 
equal are soldered together, and heated at the joining, an 
electric current is evolved. Thus if A B C D 

be a metallic circle, the one half, ABC, 
being hismuth, the other half copper^ and 
if a lamp be applied at A, one of the rp 
joinings, it will heat both metals, and aW tj 

cause electric currents to flow round the y V J j 

circle, A positive current will pass from 

the bismuth to the copper, or round in ^ 

the direction A B C D, the negative taking ^ 

the opposite course. Thus when two substances, differently 
disposed in regard to the reception of heat, are heated together 
at their point of contact, the discrepancy shows itself in the 
two metals polarising each other, and yielding electricity. 

207. If we heat a wire which makes part of a circle attached 
to the galvanometer, the heat will be conducted off right and 
left along the wire, at an equal rate, and no electricity will 
arise. But if in anyway we cause the heat to pass round 
more copiously to one side than to the other, a current will 
be made apparent. Thus if we make a loop upon the wire, 
and make it touch at the crossing, this will retard the passage 
of the heat to the side where the loop is, and thereby disen- 
gage electricity or polarise the wire. Thus suppose the heat 
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applied at h; it will be conducted alon^ the wire each way; 
but at the loop d, part will go alon^ d h, the proper direction, 
and part will be communicated to d e, which will make it 
.return again towards and, on the whole, impede the conduc- 
tion on the way to h. So that 



the heat will travel at a greater 
rate round by a than round by 
h; and it would appear that 
when unequal currents of heat 
encounter, they issue, not in a 
simple increase of one another, 
but in a polar effect, or they 
make an active voltaic circuit. 


On the same principle, if one end of the wire is oxidised, it 
will be made a worse conductor, and electricity will be mani- 
fested. A crystallised body may sometimes produce a current 
on the application of heat, owing to the fact, that the heat 
passes more easily through one side than through another in 
some crystals. 

208. It is found that when hot water mixes with cold 


water, electricity is produced; the hot liquor being negative 
and the cold positive. Other liquids show a similar action ; 
but the kinds of excitement are not invariable : a hot acid 


mixed with a cold acid makes the first positive and the second 
negative. Hence it appears that the passage of heat must in 

g eneral cause electrical polarity ; only if two equal portions of 
eat pass round in a circle ana meet, they will neutralise each 
others effects, and no excitement will be apparent, 

209. If, instead of bismuth and copper, bismuth and anti- 
mony are soldered together, the effect will be greater, the dis- 
parity of the metals being greater. This last couple is what 
18 usually adopted for a thermo-electric circle, being superior 
to any other that could be chosen. The following table ex- 
hibits the order of the principal metals in regard to thermo- 
electric combinations : — 


Bismuth 

Platinum 

Copper 

Zinc 

Mercury 

Lead 

Silver 

Iron 

Nickel 

Tin 

Gold 

Antimony. 


The farther asunder two metals are in this table, the more 
powerful is the couple formed by them. Bismuth and iron 
would make the next best couple to bismuth and antimony. 
Silver, gold, and zinc are very nearly equal in the effects which 
they would cause, if coupled, with a metal from ifie other end 
of the table. Each metal causes a positive current to pass 
upon any metal beneath it, and a negative upon any metal 
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above it. Thus if platinum and copper were soldered together, 
a positive current would pass from the platinum to the copper, 
and the negative from the copper to the platinum ; or the 
actual state of each would be — platinum negative, copper posi- 
tive ; that is to say, if two plates were laid on each other, and 
heated at the joining, the free side of the platinum would be 
negative, and the free side of the copper positive. Positive 
electricity radiates from the joining through the copper mass, 
negative electricity through the platinum mass. 

210. Various mineral substances may enter into the thermo- 
electric circle, such as plumbago, peroxide of manganese, per- 
sulphuret of iron, and galena. Plumbago is positive to plati- 
num, and stands pretty near the lower end* of the table. The 
per-sulphurets stand near to bismuth. 

211. The order of the metals above given does not corre- 
spond with their goodness as conductors of heat. Bismuth, 
indeed, and the metals near it, are the worst conductors of 
heat ; while some of the metals near the other end, such as 
gold, silver, and copper, are among the best conductors. But 
there are very decided exceptions. Platinum ranks with gold 
and silver in conducting power, but it is far removed irom 
them in the thermo-electric series. Iron is inferior as a con- 
ductor to all of these, and yet it is nearer the antimony than 
any of them. It cannot, therefore, be laid down as a rule 
that the worst conductors of heat rank highest in the theimo- 
electric series, or that a good and a bad conductor will make 
an effective couple. 

212. But if we classify metals according to their power of 
radiating heat, or of receiving it by radiation, we find a near 
coincidence with the above order. A metal does not radiate 
heat from its surface in the same proportion that it passes 
it through its substance ; the proportion is more nearly an 
inverse proportion. The worst radiators are at the top of the 
table, and the best radiators at the bottom. Hence it appears 
that when heat is applied to the joining of two metals, and 
when the one is slow at receiving the imparted heat, while the 
other receives it abundantly, the inequality thence arising is 
the cause of the electricity. For the heat applied to the couple 
being that from a lamp or a fire, it is communicated by 
radiation ; and as bodies which radiate well, receive radiant 
heat equally well, the best radiator will be most heated, and 
will be negative, and the other positive ; so that in general 
the side of the joining where most heat is received is the 
negative side, and through it the negative current passes 
to the wire of 4he circuit. 

213. A single circle, made of a bar of bismuth and one of 

G 
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antimony, soldered together, makes a simple circuit or couple ; 
but any number of bars may be laid together, so as to make a 
compound thermo-electric circuit. If they are joined one to 
the other in a long line, or in a circle, the heat will have to be 
applied to every second joining. If the 
lirst, third, fifth, and seventh joinings 

g are heated, while the second, fourth, 

a R* sixth, and eighth are cooled, by being 

H laid in ice, the force of the current will 
8 m be increased. Cold has the same power 

H of exciting electricity as heat, only the 

fcH L current is reversed. The figure repre- 

B iliiiihv ® compound circuit of four bars 

^ of bismuth b, alternating with four 
bars of antimony a» Heat would have 
to be communicated either to the mur corners or to the 
middles of the four sides. If the comers were heated and 
the middles iced, the effect would be thereby increased. 

214. A series of bars of alternate bismuth and antimony 
may be, as it were, folded together in a bundle, the first, third, 
fifth, seventh, &;c. joinings being at one end, and the second, 
fourth, &c. at the other end ; the bars being kept from touch- 
ing at their sides by an insulating substance. The last rod of 
bismuth is connected with a wire, and forms the negative 
pole ; and the wire attached to the last rod of antimony at the 
other end will be the positive pole. The two ends of the 
bundle are blackened to increase their absorption. If either 
face is heated, a current will arise ; if one is heated and the 
other cooled, the current will be greater ; if both are heated 
alike, there will be no current. 

215. Such a bundle of bismuth and antimony needles has 
been constructed to serve as a thermometer for delicate experi- 
ments on heat. Differences of temperature that are impercep- 
tible by the mercury or alcohol thermometer, are found to 
affect the galvanometer of a thermo-electric pile. Radiant 
heat especially can be detected with extraordinary accuracy 
by exposing one end of the bundle to the heating rays. 

216. The current circulating in the thermo-electric circle is 
of weak intensity compared even with the voltaic pile, and 
therefore it is not adapted for giving shocks. But tne quan- 
tity which it yields may be very great, and it is capable of 
decomposing chemical compounds. Also, by using a bundle 
of thirty elements or pairs about an inch thick, and heating 
one end by a hot iron placed near, and cooling the other with 
ice, the intensity of the current is sufficient to make a distinct 
Spark in daylight, when the circle is broken or closed. 
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217. The discovery of thermo-electricity suggests an expla- 
nation of the probable origin of the earth’s magnetism. The 
sun’s rays heating the earth in one place after another in his 
daily circle, would cause an electric current to circulate round 
the globe in an equatorial direction, or more strictly, in the 
direction of his path. If we suppose him for a moment stand- 
ing over any one place, it is obvious that the portion of the 
earth to the east of that place is hotter than the westerly por- 
tion ; because what he has been recently shining on must be 
warmer than the ground he is only approaching to shine on 
after a day’s absence. But we have seen that, in the thermo- 
electric circuit, negative electricity flows from the joining to 
the hot side, and positive electricity to the cold side ; there- 
fore the motion of the sun from east to west will cause a posi- 
tive current to move in the same direction, and a negative 
current from west to east. But if we refer to the rule for 
determining what would be the magnetic polarity of the eai’th 
arising from such a current according to the laws of electro- 
magnetism, we find that it would give to each hemisphere the 
same kind of polarity as they actually have. If the daily 
path of the sun were from west to east, the earth’s magnetism 
would be the reverse of what it is : so that the sun’s heat 
circulating round the globe will necessarily magnetise the 
earth. The daily and yearly fluctuations ot the needle also 
tend to show the connection of terrestrial magnetism with the 
sun’s motions. It may therefore be said that the sun is the 
great source of all power on the earth. It gives warmth, 
supports vegetation, draws up the water to the clouds, origi- 
nates the tnunder and lightning, and produces magnetism 
and all its consequences. The earth’s own forces of gravita- 
tion and cohesion, and its attractions in general, tend to 
aggregate, solidify, and condense the whole of its substance 
into a compact heap of lifeless matter ; the sun supplies the 
counteractives of these, and causes expansion, separation, 
decomposition, and all the agencies which lead to the renewal 
of movement and life. 
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218. This branch of the science refers to the production of 
electricity by living bodies, and gives an account of certain 
animals that possess within their structure special organs for 

f enerating electric currents; it may also include what is 
nown. of the effects of electricity on the animal system. The 
former subject would be named Animalo-Electricity, if we 
followed the analogy of the preceding names — Magneto-Elec- 
tricity, Thermo-Electricity. 

219. There is a flat fish found on the shores of the Medi- 
terranean, and on the Atlantic coast of Franc , which has been 
known from antiquity to give benumbing shocks to any one 
who handles it. It is called the Torpedo. When dissected, 
there are found in it two organs, or masses of honeycomb 
structure (see fig.), one on each side of the body at its broadest 
part, or near the head. In an animal 18 inches long, 12 broad, 



and 2 thick, each organ is about 5 inches long ; the breadth is 
3 inches at the head, and at the other end half an inch ; being, 
as it were, triangular, the narrow end pointing to the tail. 
They occupy the whole thickness of the fish from breast to 
back, as far as they extend ; they consist of a mass of roundish 
columns, whose direction is from breast to back, or upright 
when the fish lies flat. Each of these columns seems to be 


made up of a succession of distinguishable layers piled upon one 
another, and separated by raucous partitions; hence it has been 
supposed that the electricity is produced in the same manner 
as in the pile of Volta, or that the entire organ<,is an immense 
bundle of piles lying side by side, conspiring altogether to 
make an electric charge. The number of columns in each 
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organ depends on the size of the fish ; in the one whose dimen- 
sions are stated above, 470 were counted in each; but as many 
as 1182 have been seen in a very large specimen. The number 
of layers or distinguishable partitions in a column an inch 
long has been found to amount to 160. A very lar^e supply 
of nerves is afforded to the organs ; they ramify into eacn 
column, and are distributed to the partitions — eveiy partition 
receiving a nervous filament. 

220. The back of the animal is positive, and the breast or 
belly negative, and the currents pass through the body be- 
tween the breast and back. On touching either side, a shock 
is received ; but by seizing the animal, and holding it by both 
sides, a much more intense shock is felt. In a second or two 
after receiving one shock, the charge accumulates, and dis- 
charges itself again, and thus a succession of shocks may be 
given, until the strength of the animal is exhausted. The 
electricity has to the feeling the same character as a discharge 
of very small Leyden jars ; the intensity is small compared 
with machine charges, but equal to that of a very numerous 
voltaic pile. It is capable ^f magnetising iron, and of decom- 
posing compounds; but its quantity being small, these effects 
are not produced to an> great extent. Its use to the animal 
seems for defence against attacks, and as an offensive weapon 
generally; instead of devouring and destroying oy the teeth, 
it, launches its diminutive thunderbolts upon all creatures 
that approach it, 

221, A second animal endowed with electrical organs is 
that called the Gymnotus ElcctricnSy or electrical eel, found in 
various r^rts of America It was seen in great numbers by 
Humbj; to hi the swamps of the Orinoco in South America. 
Its commcn length is about five feet, but it often occurs much 
larger. I.r^ shocks are far more formidable than the discharges 
of the torpedo ; men, and even norses, going into the water are 
stunned by its touch, and are frequently drowned before'they 
have time to recover. The following description by Hum- 
boldt of the method adopted by the Indians for catching the 
gymnoti, completely illustrates their character and habits. 
They bring a troop of wild horses, and cause them to enter a 
muddy pool where they are contained. “ The extraordinary 
noise caused by the hoi'ses’ hoofs makes the fish issue from 
the mud, and excites them to combat. These yellowish and 
livid eels, resembling large aquatic serpents, swim on the sur- 
face of the water, and crowd under the bellies of the horses 
and mules^ A contest between animals of so different an 
organisation, furnishes a very striking spectacle. The Indians, 
provided with harpoons and long slender reeds, surround the 
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pool closely ; and some climb upon the trees, the branches of 
which extend horizontally over the surface of the water. By 
their wild cries, and the length of their reeds, they prevent 
the horses from running away, and reaching the banks of the 
pool. The eels, stunned by the noise, defend themselves by 
the repeated discharge of their electrical batteries. During a 
long time they seem to prove victorious. Several horses sink 
beneath the violence of the invisible strokes which they receive 
from all sides on organs the most essential to life, and, stunned 
by the force and frequency of the shocks, disappear under the 
water. Others, panting, with mane erect, and haggard eyes 
expressing anguish, raise themselves, and endeavour to nee 
from the storm by which they are overtaken. They are driven 
back by the Indians into the middle of the water ; but a small 
number succeed in eluding the active vigilance of the fisher- 
men. These regain the shore, stumbling at every step, and 
stretch themselves on the sand, exhausted with fatigue, and 
their limbs benumbed by the electric shocks of the gymnoti. 
In less than five minutes two horses were drowned. The eel 
being about five feet long, and pressing itself against the belly 
of the horses, makes a discharge along the whole extent of its 
electrical organ. The horses are drowned, from the impossi- 
bility of rising amid the prolonged struggle between the other 
horses and the eels. By degrees the impetuosity of this un- 
equal combat diminished, and the wearied gymnoti dispersed. 
They require a long rest and abundant nourishment to repair 
what they have lost of galvanic force. The mules and horses 
appear less frightened; their manes are no longer bristled, 
and their eyes express less dread. The gymnoti approach 
timidly the edge of the marsh, where they are taken by 
means of small harpoons fastened to long cords. When 
the cords are very dry, the Indians feel no shock in raising 
the fish into the air. In a few minutes our party obtained 
five large eels, the greater number of which were but slightly 
wounded.” 

222. In the gymnotus the structure of the electrical organ 
18 not the same as in the torpedo. It occupies nearly four- 
fifths of the length of the animal, and is formed of thin plates 
Iving in the direction of its length (see fig.) ; so that one end of 
the pile is at the tail and the other end near the head. Hence 
its snocks are most powerful when it brings both head and 
tail into contact with another animal. There are two pairs of 
organs, and their total bulk amounts to about one-third of the 
whole body of the fish. Two rows of small yellow spots are 
seen running along the back from head to tail, an*i every spot 
contains an opening which gives forth a mucous matter, which 
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covers the skin, and is found to be a remarkably g“ood con- 
ductor of electricity. 



223. In the rivers of Africa — in the Senega*, the Niffer, and 
the Nile — is found a third species of electrical fish, called the 
Silurus Electricm, It is about twenty inches long*. It is 
caug*ht and eaten by the Eg-yptians. Its electrical organs lie 
beneath the skin all round the animal, and are less compli- 
cated than in the torpedo and ^mnotus. Various other elec- 
trical fishes have been met with. 

224. In all these animals the electrical apparatus is an addi- 
tion to the ordinary vital organs, and its action is quite inde- 
pendent of them. It is not involved in the operations of 
digestion, circulation, or movement ; but, like all other or- 
gans, it is supplied with nerves from the brain. It seems 
to be under the control of the animal to about the same 
degree as its moving apparatus. Although the structure of 
the organ is somewhat similar to a voltaic arrangement, and 
the shock the same as would be felt from a battery made up 
of several hundreds of small plates in a weak solution, it 
is not completely proved that it operates on the principle of 
the pile. 

225. Apart from the possession of special apparatus, the ope- 
rations 01 the animal body are such as to evolve electricity in 
many ways. The chemical processes of digestion and respira- 
tion — the constant passage of heat to and n’o — the mechanical 
movements — may all generate electricity. The most common 
case of the appearance of excitement in the human subject, is 
when the clothes are stripped from the skin in a very dry air. 
When silk stockings are taken off, they sometimes cause a 
crackling noise, accompanied with sparks, which may be dis- 
tinctly seen in the dark. If the skin and clothes are perfectly 
dry, this effect would probably be constant, as it is a mere 
effect of the friction. In very dry climates, where the atmo- 
sphere is so deficient in moisture as to keep all surfaces in a 
dry state, tl]^ observation is very familiar ; it is also observed 
in rooms heated by stoves, which have the same excessive 
desiccating tendency. • 


104 


ELECTRICITY. 


226. Of the entire amount of electricity produced by the 
interior processes of the human body, only a small portion can 
appear in a free state on the surface ; the greater part must 
be consumed again or discharged in other operations. In as 
far as the skin acquires a charge, its general character is 
found to be positive ; but the amount differs very much in 
different individuals, and in the same individual at different 
times. A development of positive electricity seems to be iden- 
tified with the health, vigour, and freshness of the body ; for 
it diminishes, and is changed into negative, by great exertions 
and fatigue, by lassitude and cold. A sudden fit of violent 
exertion will in an instant convert the positive charge into a 
negative one. We may therefore suppose that the operations 
of nutrition are constantly generating positive electricity, 
while exertion and the wasting operations generate nega- 
tive ; that the nourishing processes are like the cells of the 
voltaic pile, where, by the consumption and chemical trans- 
formation of material, the excitement is produced; and the 
wasting operations like the place of action in the circuit, 
where the excitement is expended in producing effects of heat, 
decomposition, or moving power. Liebig has found that the 
juices of the flesh or muscle are constantly acid, while the 
blood in the arteries and veins circulating through the flesh 
is alkaline. But an acid and alkali, with a membrane be- 
tween them, are capable of causing a current, the acid being 
positive, and the alkali negative; so that the blood would 
from this cause have a negative charge, and the flesh a po- 
sitive charge.- 

227. The effects of electricity on the animal system are as 
yet very little understood. Electric shocks have been applied 
as remedies for diseases, and have often been productive of 
good. The chief disorder where they are found valuable is 
the case of paralysed limbs. By passing a long-continued 
series of discharges through a torpid arm or leg, it has often 
been restored to vigour. For this purpose the^ ordinary fric- 
tion machine has been commonly employed ; but it is supposed 
that the magneto-electric machine may prove a much more 
powerful stimulant. Relief has been given also to patients 
suffering from tic. 

228. It may be surmised, that if the human body in its 
ordinary healthy state contains a surplus of positive electri- 
city, and if the earth is in general negative, there is a pro- 
priety in keeping some insulating substance between the feet 
and the naked ground. We may thus assign an additional 
reason for the disaCTeeable and unhealthy effects of damp 
feet ; for besides cooling down the system, the moisture will 
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conduct away the body’s free electricity to the earth, and 
with this a certain portion of the vigour of the frame. On 
the same principle fogs, which are commonly negative, by 
enveloping the person, must take away its positive electri- 
city; and their unpleasant action may in some measure be 
owing to this cause. The sudden and frequent changes of 
the state of the atmosphere before and during a thunder- 
storm, are veiy distressing to many people. On the whole, 
therefore, it may be safely affirmea that human comfort is 
affected to a very considerable degree by the electrical pheno- 
mena of nature. 

229. The actions of vegetable life are such as cannot fail 
to be attended with the evolution of electricity. The great 
range of chemical decompositions and combinations which 
go on during the growth of pfants, is a sufficient cause of 
an abundant electrical excitement. Observations and experi- 
ments have shown that this actually occurs ; there is a con- 
stant circulation of electricity of feeble tension in living 
vegetables. But although there is too little insulation or 
resistance by bad conductors, to cause this electricity to 
assume a high intensity, so as to give shocks or sparks, the 
quantity of it may be very great, and it may contribute in 
some essential ways to the maintenance of the organic life. 
If we consider that electrical currents are the means of con- 
veying chemical force from one place to another, we may 
easily imagine that this conveyance is sometimes necessary in 
the growth of vegetables. A certain power evolved at the 
roots in the earth, or at the leaves in the air, may be required 
in other parts of the plant. The decomposition of the seed 
may give birth to an electric current which effects important 
changes in the expanding germ. It has been found that by 
causing the seed to assume an electric state opposite to what 
it naturally assumes, its development is retarded or checked. 
Hence, on the other hand, it is perfectly credible that the 
growth of plants may be very much quickened by communi- 
cating electricity to them by artificial methods. Minute and 
long-continued observation, however, is yet required to enable 
us to state with accuracy the precise functions of electrical 
excitement in organised bodies. 
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NOTICE. 


Meteorology is to be regarded not so much as a distinct depart- 
ment of Natural Philosophy, as a very interesting application of 
several other branches to explain an important class of physical 
powers and appearances. The principles employed in its eluci- 
dation aro chiefly derived from the laws of Heat, Pneumatics, 
Astronomy, and Electricity; and the subject will be of easy 
apprehension according as the student has made himself familiar 
with these sciences. In the preparation of the present Treatise, 
the Author has endeavoured rather to embody principles, than to 
occupy space with details of phenomena ; his aim being to render 
Meteorology a subject of scientific study, not a mere record of 
unexplained facts and elaborate observations. 
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METEOROLOGY. 


1. Meteorology explains the laws which regulate weather, 
seasons, and climates. It involves particularly the conside- 
ration of the atmosphere, whose chang^es and fluctuations, 
caused by the influence of the sun, and modified by the pecu- 
liarities of the earth’s surface, are the phenomena to be treated 
of. The characters or properties of the atmospheric ocean 
which are of importance in this subject are — its magnitude 
and height above the surface of the earth ; its weight or 
pressure and elasticity, and the gradations of these as we 
ascend; the materials and manner of its composition; and 
the alterations made upon it by heat and cold. It is by an 
accurate knowledge of these that we are enabled to under- 
stand the nature and causes of the incessant movements and 
changes going on in the air around us, and of the ever-vary- 
ing appearances of the sky over our head; including the 
phenomena of winds and storms, of rain, dew, hail, snow, 
mists, and clouds, and their connections with one another, and 
with seasons and places. 


THE ATMOSPHERE. 

Its Composition— General Structure— Density— Pressure. 

2. The atmosphere has been already described as a vast 
ocean of invisible gaseous matter, enveloping the terraqueous 
globe, and*extending to a considerable height. Although it 
cannot be seen by the eye, it is yet felt to be an inert material 
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mass, which resists bodies in their motion through it, and 
when set in motion itself, possesses momentum or impetus, 
like a flying ball or a running* stream. The power of the wind 
exhibits the momentum or impulsive force of air in motion. 
From the lightness of the air, its stroke is not so great as the 
shock of a water*current moving at the same rate ; it is as 
much less as the density is less. Water being 800 times as 
heavy as air, a stream of water moving at the rate of a mile 
per hour would have the same momentum as a stream of air 
at 800 miles an hour ; but the stream of air would, from its 
suddenness, be the more destructive of the two. Currents 
sometimes arise in the atmosphere so strong as to tear up 
trees and sweep houses from their foundations. The atmo- 
sphere is therefore a I'eal material substance, in a state that 
dfoes not affect the sense of sight, but capable of resisting 
motion and of communicating force, like any solid or liquid 
body, in proportion to its specific gravity or density. 

3. The second property of the atmosphei'e, proving its 
genuine materiality, is its weight or pressure. It presses 
upon the earth, exactly as the sea does, under the influence of 
^avitation. This pressure is in proportion to its quantity and 
its natural or specific gi'avity. When we ascend to a great 
height above the ordina^ level of the ground, as to a moun- 
tain top, the pressure is diminished, because the quantity 
lying above becomes less. At the sea -level the average 
pressure is 14f lbs. on every square inch ; it is nearly the 
same as the pressure of a lake of water 33 feet deep, or a lake 
of mercury feet deep. The experiments for proving the 
weight of the air have been fully detailed under Pneumatics. 
The construction of the barometer, or instrument for con- 
stantly measuring this weight, and showing the degrees of 
its fluctuation from day to day, has been explained under 
the same head. By it the air is made to sustain a column of 
mercury, which is higher or lower according as the whole 
weight of the atmosphere above increases or diminishes ; and 
therefore, by looking at the height of the mercury, we know 
at any instant the weight of the atmosphere at that spot. 

4. Until the invention of the barometer, it was not known 
that the air had weight at all ; still less could it have been 
supposed that this weight was greater at one time than at 
another, seeing that weight is an exceedingly constant pro- 
perty. In fact the changes in the weight of the atmosphere 
are owing solely to its movements, which cause it to shift 
from place to place, and for a time increase the s^ount over 
one spot, at the expense of other spots, where it is shown to 
be lightened. The average height of the mercurial column 
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is somewhat less than 30 inches at the level of the sea; hut 
it fluctuates to such an extent, that it sometimes descencb to 
Cd inches, and sometimes rises to 31. A low barometer proves 
that some cause or other has carried awar a mass of air 
from that particular locality ; and a high barometer proves 
that the opposite action has taken place. In either cas^ the 
extreme state does not commonly endure : the law of fluids 
tending to find their level, holds in respect to the air; the 
deficient places become filled up, and the places where there 
is an excess fall away all around, and an equality comes to be 
restored ; which, however, rarely lasts long, in consequence of 
there being causes at work that are perpetually disturbing it. 

5. The atmosphere is therefore to be considered as a mass 
of gaseous or aerial fluid enveloping the earth, and pressing 
on its surface with a weight amounting to 14f lbs. (14*7) 
on every square inch. This fluid is found to be not a 
single substance, but a mixture of several substances, totally 
distinct in their properties, and serving quite different offices 
in the economy of nature. The two chief ingredients — 
nitrogen and oxygen — which make up more than f^ths of 
the whole mass, ai'e as different in their character as water 
and alcohol. The proportions of these two are very nearly 
77 of nitrogen to 23 of oxygen by weight ; that is, 100 
pounds of air contain 77 lbs. of nitrogen and 23 lbs. of 
oxygen. The nitrogen is therefore the principal element in 
point of quantity ; but the oxygen performs the greatest 
variety of functions : it is the supporter of life, and the indis- 
pensable agent in combustion, in putrefaction, and in many 
other natural processes. 

6. Deferring in the meantime the consideration of the other 
ingredients of the atmosphere, we have to study in the first 
place the mode of mixture of these two gases, and the general 
structure of the mass they compose : — 

7. Although the mechanism and constitution of a gas are 
not apparent to our senses, yet we can infer with certainty that 
it is made up of atoms which keep one another at a distance 
by a repulsive force. From the fact that any gas can be com- 
pressed into a very small fraction of its ordinary bulk, we 
are sure that its particles are usually at a great distance from 
each other in comparison with their size. Thus, for example, 
it is almost perfectly safe to assume that the distance 
between two adjoining particles of common air is not less 
than a hundred times the breadth of a particle. Hence the 
actual occupation of space by aSrial particles must be very 
small ; on the supposition now made, there would be only one 
cubic inch of solid or impenetrable matter in a million of 
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cubic inches of space. If we imag-ined a flight of crows, each 
fifty feet every way apart from the next, we should have 
some idea of the spread of gaseous atoms in empty space. 

8. If we take, then, any single gas, such as nitrogen, we 
may be certain that its particles stand asunder from each 
other at very great distances compared with their size ; and 
these distances are all equal, for the nature of the repulsion is 
such, that there is no rest nor stable balance if a particle is 
nearer its neighbour on one side than on the other. The 
repulsion increases the closer they come ; and when one is 
unequally near to two others, it is more repelled by the 
nearest than by the farthest, and is accordingly driven off till 
it attain an exact middle position. Thus, throughout, the 
distances are maintained perfectly equal ; any additional 
compression on one side extends itself immediately through 
the whole, till equality is established. Two particles of the 
same gas can never come perfectly close to each other. It is 
certain, for example, that since the creation no one particle 
of atmospheric nitrogen ever came into contact with another 
particle ; the repulsion becomes more intense at every step of 
approximation, and no ordinary force can bring them nearer 
than certain fixed limits. The same is true of oxygen, or of 
carbonic acid, or of any other gas taken by itself. Some gases, 
by great compression and cooling, may be liquefied, and 
thereby acquire the closeness and cohesion usual in liquids ; 
but while they continue in the aferial or elastic form, the 
resistance arising from their mutual repulsion defies all efforts 
to bring them together. 

9. Such is the character of any single gas ; but when two 
gases are mixed, the circumstances are changed. We are 
still sure that each will repel its own kind, but we cannot 
say beforehand whether or not the particles of one kind will 
repel the particles of another kind. It is possible that a par- 
ticle of nitrogen may repel a particle of oxygen as strongly 
as it repels another particle of nitrogen ; in which case 
oxygen and nitrogen atoms would be kept as far asunder as 
atoms of the same kind. But it is also possible that nitrogen, 
which repels nitrogen, may be perfectly indifferent to oxygen, 
neither repelling, nor attracting, nor in anyway affecting it ; 
and in this case oxygen and nitrogen particles may stand 
far or near as accident may determine : they may come close 
together, or they may move off to any distance, according to 
the forces exerted upon them by their own kind. It is as if 
we introduced among the crows, already supposed scattered 
at a rigid distance of fifty feet, a flock of pigeons, held apart a 
hundred feet from one another, but not under any repulsion 
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from the crows ; so that while the distances of each kind 
among themselves are equal and fixed, there would be the 
greatest variety of distances between pigeons and crows, from 
close contact to a hundred feet. Considering also the im- 
mense amount of empty spaces between the crows, the admis- 
sion of the pigeons would be almost as free as if the space 
was altogether empty ; there would be very rarely an actual 
collision, and there being no other kind of mutual action 
except collision, each kind might move and expand almost 
as if the other did not exist. There is a third possible variety 
of relation which might obtain between the two strange gases ; 
a particle of the one might attract a particle of the other, 
while repelling one of its own kind. An oxygen atom might 
have a tendency to move towards and cling to a nitrogen 
atom, so that whenever they came near enough, they would 
actually close and adhere so far as they were allowed by the 
repulsions to which they are subject. It is as if, while pigeon 
keeps off pigeon, and crow is at a strict uniform distance 
from crow, each pigeon had an attraction for each crow, and 
a pigeon and crow always ran together when they had an 
opportunity. As in this case we should find many instances 
of a pigeon and crow joined together, so in the atmosphere 
we should have every now and then compound or mixed 
atoms, although we never could have two of one kind in close 
companionship. 

10. Now it is only by an appeal to fact that we can say 
which of these three relations occurs between different gases 
diffused through each other. It seems likely, although it is 
not perfectly proved, that the first supposition is not the 
correct one ; the particles of one gas do not appear to repel 
the particles of a second gas, as they do one another : the 
repulsive tendency is confined to the particles of the same 
kind. Oxygen probably does not repel nitrogen, so that there 
is no obstacle towards the proximity of the two, except the 
repulsion of each to its own kind. Hence the presence of one 
of these gases in a space can have little effect in preventing 
the rise and diffusion of the other. It is not so certain from 
the facts, whether oxygen and nitrogen are perfectly indif- 
ferent, or whether they have a slight attraction. There are 
many analogies which render it likely that strange gases may 
in some cases attract each other. The strongest likelihood is 
founded on what takes place so often between liquids and 
solids, and between liquids and airs, in the phenomena termed 
capillary attraction and solution. When sugar is absorbed 
and dissolved in water, it is in consequence of each particle 
of water possessing an attraction for a particle of sugar ; and 
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airs are extensively dissolved in liquids in the same way. 
This is a very wide-spread, although not a universal action : 
any substance will not necessarily show this kind of attrac- 
tion for any other, hut it holds between a very great number 
of substances. Thus water adheres to more than half of all 
the bodies in nature. The air of the atmosphere has also a 
high degree of adhesiveness to many substances, solid and 
liquid. It is therefore likely that oxygen and nitrogen may 
have this kind of attraction, which would cause a very fre- 
quent pairing of the particles of the two. It is still more 
likely that the vapour of water, which exists in the air along 
with oxygen and nitrogen, adheres to these other gases, since 
they are known to be held in solution in water in large quanr 
titles by virtue of the solvent adhesion. On this supposition 
the atmosphere would be made up partly of single particles 
of oxygen and nitrogen, and partly of double particles formed 
by the occasional adnesion of the one kind to the other. 

11. Taking the entii’e mass of the atmosphere, considered as 
an ocean of euseous or elastic fluid, its density must diminish 
as we ascend from the earth. The tendency of air being to 
expand to the utmost limits allowed, it would fly off into 
the boundless regions of space, if it were not kept on the earth 
by the force of gravity or by its weight. The portions at the 
earth^s surface not only lie upon it oy their own weight, but 
they are compressed by the weight of all that lie above them ; 
and in consequence they are compacted into a smaller bulk 
than they would otherwise have. In fact each mass of air 
will in general contract, and become closer by being com- 
pressed, until its internal elasticity or spring is equal to the 
force which compresses it ; and at that degree of closeness it 
will remain. The bulk occupied by any amount of ^as dimi- 
nishes exactly in proportion to the weight laid upon it. Thus 
if a cubic foot of air at the earth's surface (wnich owes its 
actual density to a compression of 14f lbs. to the square 
inch, arising from the weight of the whole height of air 
lying over it) were pressed with a weight of 29 J lbs. to the 
square inch, its bulk would be reduced to half a cubic foot ; 
or if half the usual weight were taken off, and the pressure 
reduced to 7^ lbs, to the square inch, it would expand to 
the bulk of 2 cubic feet ; and so on. Hence if we ascend so 
high, that one-half of the air would be below us and the 
other half above us, the compression would be only 7i lbs. to 
the inch, and the air would be twice as rare as at the earth, 
or it would have only half the density. Two c^ibic feet of 
such air would be equal in weight to one cubic foot of air 
taken at the earth’s surface. 
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12. The density of the air therefore diminishes upward in 
the exact proportion of the diminished weight of the mass. It 
can be determined by calculation at what nei^ts the weight 
and density will be of any given amount. Thus at 20,000 
feet above the sea, the density is less than half that at the 
earth’s surface ; on the highest summits of the Andes or 
Himalayahs, it is about one-third, or 3 cubic feet of air weigh 
no more than 1 cubic foot at the sea-level. 

13. There is another cause besides the decrease of weight 
to affect the decrease of density — namely, the increased capa- 
city of the rarefied air for heat. If a cubic foot of air is 
allowed to expand to 2 cubic feet, it reemires to absorb addi- 
tional heat into its mass in order to Keep up its tempera- 
ture. It is said to have acquired a greater capacity for neat ; 
and if it do not receive an extra quantity, it will cool down, 
or it will have a much lower temperature than in its former 
state. So that the air at 10,000 feet of height will, by 
its expansion, require more heat to keep up the temperature ; 
and as it has no means of getting more than the surface 
air, but, in fact, receives rather less, it will be very much 
colder than the air below. The first consequence of this 
cooling is a loss of elasticity, which causes it to contract 
under the pressure to which it is subject, and to occupy a 
smaller space than it would have occupied if the temperature 
had been kept up by a new supply of heat. Thus a cubic 
foot of air, when half its pressure is taken off, becomes 2 
cubic feet, only on the supposition of receiving so much heat 
as to make the 2 feet as warm as the 1 foot failing this, it 
cools down, and contracts to somewhat less than 2 cubic 
feet; so that when this new cause is taken into account, 
the density of the air does not diminish quite so fast as the 
weight diminishes. The whole atmosphere is more com- 
pressed or more dense than if the law of diminished weight 
and density were to hold strictly ; we do not require to ascend 
so far to pass through a certain amount of it — that is to say, 
we shall reach the point of 7i pounds pressure at a lower level. 
In the one case, the atmosphere lying at the height of 30,000 
feet would weigh about 5 pounds to the square inch ; in the 
actual case, it is less than 4 pounds. If, in the first case, the 
barometer stood at 14 inches at a height of 20,000 feet, in the 
second case it would stand at 12 inches ; showing that the 
contraction by cooling increases the amount below, and dimi- 
nishes the weight lying over, any one given elevation. The 
fall of tem^rature corresponding to tins degree of contrac- 
tion woul# be about 70° or 80° ; if the thermometer were 
32° at the earth’s surface, it would be 40° below zero at the 
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Ijeiffht of 20,000 feet, while the barometer would indicate 12 
inches of pressure. 

14. The following* table gives the decrease of the air^s 
density and pressui’e, on the supposition that an equal tem- 
perature is maintained throug’hout, or that heat is supplied 
to make up for the increased capacity of the expanded air. 
The first column gives the height in feet; the second the 
weight in inches of the barometer ; and the third the density 
in decimals, the density at the earth^s surface being reck- 
oned 1 . The temperature is supposed to be freezing, or 32° 


Height in Feet. 

Barometer 
Column in Inches. 

Density. 

0 

30000 

1-00000 

5,000 

24-797 

•82656 

10,000 

20-499 

•68321 

15,000 

16-941 

•56472 

20,000 I 

14-000 

•46667 

25,000 

11-575 

•38582 

30,000 

9-569 

•31890 


15. In this table it will be found that the density is exactly 
as the pressure ; that is, if we take any one height, such as 
20,000 feet, the barometric inches are 14, and the density 
*46667, which numbers are exactly the proportion of 30 to 1, 
or the proportion of the number of barometric inches to the 
number expressing the density at the surface ; and this pro- 
portion of 30 to 1 will be observed in all the other cases. 

16. When allowance is made for the effect of the increased 
capacity of the air for heat, with the cold and contraction 
thence arising, the weights and densities are modified as in 
the following table, which exhibits in the fourth column the 
decrease of temperature at each height, beginning at 32° : — 


Height in Feet. 

Barometer 
Column in Inches. 

Density. 

Temperature. 

0 

30-000 


32° 


23-949 

•82656 

14-8 


19-106 

•68321 

— 3-1 


15-229 

•56472 

—22-4 


12-044 

•46677 

— 43-6 


9-579 

•38582 

— 67-5 


7’566 

•31890 

— 95-1 


17. It will now be seen, generally, that the^, barometric 
column diminishes faster than in the previous table, and that 
each successive layer contains a greater weight of air. Thus 
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the lowest stratutn of 6000 feet weig-hs 5*203 inches of mer- 
cury in the first table, and 6*061 inches in the second — these 
numbers showing* the decrease of pressure at the height of 
6000 feet, and there being a fall of the thermometer amount- 
ing to about 17®. 

18. In this way the atmosphere goes on, becoming rarer 
and lighter, and at the same time colder, as we ascend, until 
it ceases altogether. At what height it actually terminates we 
do not at present know ; it can be with certainty affirmed to 
extend to 60 miles from the earth, as at this height it exer- 
cises a sensible effect in refracting light ; but for anything 
that is known, it may extend to 80 or 90 miles. Its own 
elasticity would carry it away without limit, if something 
did not counterbalance the expansive force. But the weight 
of the particles, or their gravity towards the earth, serves as 
a counterbalance on the one hand, and on the other hand, 
the cooling caused by extreme rarity diminishes the force of 
the elastic spring ; so that where the diminished elasticity is 
no more than a balance for the weight, there the atmosphere 
will terminate. For a few miles below this termination, it 
must be extremely rare, or little else than a vacuum. For all 
practical purposes, therefore, the height or depth of the atmo- 
spheric ocean is at present assumed as about 50 or 60 miles ; 
but the great body of it is accumulated near the earth^s sur- 
face. In reality, one-half of its material volume lies within 
3 miles from the earth, and three -fourths of it within less 
than 6 miles. Its pressure on the highest pinnacles of the 
earth’s surface is less than one-third of the whole weight as 
experienced at the sea-level. 

19. In examining the nature of the atmospheric fluctua- 
tions which give rise to meteorological phenomena, the prin- 
cipal agent to be studied is heat. All the movements and 
changes to which the air is subject originate, some way or 
other, in the application of heat. So long as an equal tempe- 
rature is kept up, the air continues at rest ; but the slightest 
addition or subtraction of heat in any part of it leads to a 
series of movements that may extend to a great distance all 
around. The nature of these movements requires to be dis- 
tinctly explained : — 

20. If the temperature of the whole surface of the earth, 
being at first supposed everywhere the same, were to rise 
equally at once, the effect would be to expand and elevate 
the atmospheric ocean without producing any other move- 
ment. Thecipper surface would stand higher, and the equal 
divisions of the mass would also be higher. The point where 
the barometer is exactly 15 inches, or the middle point of the 
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mass as regards quantity, would stand at a higher elevation ; 
and at the place where the mercury was formerly 15 inches, 
it would now exceed 16 inches ; and the like would happen 
in other places. The weight at the surface would be the 
same, but at all heights above that point the barometer 
would rise, showing that a gi'eater amount of air was buoyed 
up into the higher regions. 

21. When, therefore, we suppose first, that the whole sur- 
face of the earth is of the same temperature, and next, that 
an equal increase takes place all over, the only effect which 
happens is a swelling out, or upward expansion of the whole 
body of the air. There are no side motions or horizontal 
currents created ; each column is lengthened, but its particles 
remain over the same spot as before. But if we now suppose 
that the surface of the earth is unequally heated, as in fact 
it is, a new action will ensue. If one portion is warmed, 
while the portion next to it remains the same — that is, if two 
adjoining spots of ground are of unequal temperature, and 
communicate an unequal temperature to the columns of air 
lying upon them — the column which is most heated will be 
expanded in its whole length, so as to overtop the other, and 
it will be made rarer or lighter all through. Two effects will 
arise from this — the first in consequence of the elevation of one 
column above the other in the upper regions, and the second in 
consequence of the air below in the heated column being less 
dense than the air below which adjoins it in the cold column. 
It is a general law of hydrostatics, that a heavy fluid buoys 
up a light one ; and if a heavy mass of air lie beside a light 
mass, the heavy will flow in upon the light, and buoy it 
upwards, until the different portions are arranged in the 
order of their specific gravities — the heaviest being at the 
bottom, and the lightest being at the top. Thus in the case 
we have supposed, of a cold column of air adjoining to a 
warm and lighter column, a motion will arise from the cold 
to the warm, which will continue until all the air at any one 
level is of the same specific gravity, or until each stratum 
is of one density throughout both columns. A lateral or 
horizontal movement of the air frotn the cold to the warm 
column is therefore what will take place below ^ or at the 
earth’s surface, in a case of unequal heating. But if we 
consider the condition of the two columns aftoue, or at their 
upper ends, we will find that the opposite effect must arise ; 
that is, a movement will take place from the warm column 
to the cold ; for the warm column being to jome extent 
lengthened or elevated, a considerable mass of it will be 
thrown farther up than an equal mass of the cold column. 
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For example, the place where the warm column weig’hs 5 
inches of mercury will be higher than the place where the 
cold column weighs 5 inches ; or it will be opposite a place 
in the cold column where the air weighs less than 6 inches, 
and is consequently less dense than in the air adjoining. 
Now the movement being always from the dense to the rare, 
in this instance it will be from the warmer column to the 
cold; and this movement, which will be strongest at the 
veiy summit, will extend as far below the summit as the 
inequality of density prevails, or as the warm column is 
denser than the cold. There will be a certain place some- 
where in the middle where the two densities will be exactly 
balanced; below this the cold air will be flowing in and 
buoying up the hot, and above it the hot air will be flowing 
in and buoying up the cold ; and these two movements will 

f o on so long as there is any inequality of temperature and 
ensity : so that if we have two adjoining columns of equal 
mass, and if one is lengthened by heat, while the other re- 
mains the same, the lengthened column is rarer than the 
short column below, from increased elasticity, but is denser 
than the short column above, from the increased pressure 
arising from its matter being carried to a greater height. 
Not only will the uppermost portion of the long column, 
which rises to a point where the short column has ended, 
and has therefore nothing but a vacuum to flow to, have a 
side movement towards the other, but portions far beneath 
the top will have a pressure so much greater than the conti- 
guous portions of the shorter column, that they too will flow 
out laterally, and determine a current tending to equalise the 
diflPerence of heights and pressures. The greater the diflference 
of temperature of the two adjoining places, the more intense 
will both the movements be, or the more rapidly will the cold 
rush towards the hot below, and the hot rush to the cold above. 

22. When a difierence of temperature exists between two 
spots that lie near one another, the effect of the aerial currents 
which take place between them is to equalise the tempera- 
ture ; the cold air is brought into contact with the hot ground, 
and the hot air with the cold ground, and gradually the heat 
of the one is reduced, and that of the other raised, till both 
become exactly the same. The air lying over them will then be 
the same, and all movement will cease. Thus the lateral currents 
arising from differences of terrestrial heat tend gradually to 
abolish those differences, and bring all to one uniform pitch. 
The air is the carrier of warmth from over-heated to under- 
heated localities, and moderates both extremes. Its lateral 
currents are the effect of unequal heating, and in some mea- 

B 
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sure the remedy. These latex'al currents are felt and recog** 
nised by us under the name of winds. If the differences of 
warmth that originate them were only limited and temporary, 
the carrying of heat to and fro would bring about an equa- 
lity, and then the air would come to a penect repose ; but 
these differences of warmth are perpetually kept up, and not- 
withstanding all the influence ot the under and upper winds, 
they exist to a very large amount ; hence the lateral currents 
go on for ever without ceasing. The middle band of the earth, 
or the equatorial zone, is exposed to the burning radiance of 
a direct sun, while the two polar regions are so faintly heated, 
that snow never melts upon them ; and this great standing 
inequality keeps up two grand sets of movements, which 
encompass the globe. The equatorial air being warmer and 
lighter below than the air on each side, it is buoyed up by 
the cold masses moving in upon it from north and south, and 
thus two great under currents are maintained between the 
poles and the equator. The equatorial mass being expanded 
far upwards, overtops and overpresses the upper portions of 
the colder columns on each side, and therefore flows in upon 
them on both sides, making one movement towards the 
north pole, and another movement to the south pole; thus 
causing two great upper currents towards the poles, while 
the under currents are moving from the poles. The inequa- 
lity of the equatorial and polar regions in respect of neat 
is thus in some degree mitigated ; but it is by far too great 
to be entirely done away. If there were no such currents, 
the equator would be hotter, and the poles colder than now ; 
but even as it is, the difference is enormous, and causes the 
two vast and incessant movements which we have now endea- 
voured to describe. 

23. We have supposed, for simplicity’s sake, that the atmo- 
sphere is divided into an equatorial and two polar masses; 
but in reality there is a constant gradation from the equator 
to the polar regions, and the movements will take place 
between every two adjoining portions of atmosphere, of which 
one is farther north or south than the other. The interchange 
will be incessant and uninterrupted, but this will not alter 
the great general result. Eveiy mass of air on a high lati- 
tude will be lower at the top, and denser below than a mass 
on a lower latitude ; and the two sets of lateral currents will 
be created between them. The equator will exchange its air 
with the temperate regions, and the temperate regions with 
the frozen regions, and the effect will thus be (Jianded over 
from one place to another, the general course and direction 
remaining the same. 
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24. The rapidity of the two currents will be greatest, the 
one at the surface of the earth, and the other at the sum- 
mit of the atmosphere ; because in these places the difference 
of density is greatest. As we ascend, the densities will be 
more nearly equal, and the movement will be so much 
feebler, until we reach the point of repose, or the undisturbed 
stratum, where the densities are the same : above this level 
the difference will begin again in the opposite direction, the 
warm column being the denser of the two; and as soon as 
the difference commences, the upward current will be set in 
motion, and will become stronger and stronger as we ascend, 
and as the pressure of the light and elevated column surpasses 
more and more the pressure of the other. For a consider- 
able space in mid-air there will therefore be almost a perfect 
calm ; or for a certain way on each side of the level of equal 
density the motion will be very slight. There will always 
be a position of dead stillness between the regions of the 
upper and the lower winds. 

25. Although, as a general rule, the temperature of the 
earth decreases from the equator to the poles, this is not 
strictly or at all times true. Various causes occur to render 
a high latitude as warm as, or warmer than a lower, and in 
such a case a contradiction will arise to the general move- 
ment, which will have peculiar consequences. Let us suppose, 
for example, that the air at C0° of latitude is warmer than 
the air at 50°, and that between these two columns there is 
an interchange in consequence, while an opposite interchange 
of double currents is going on on each side of them; that 
is, there are upper and under winds between 40° and 50°, and 
between C0° and 70°, in one direction ; and between 60° and 
60° in the contrary direction. The air at 60° is warmer than 
the air on either side ; for by the general law of decrease, it 
is warmer than the air at 70°, and by the present supposition, 
it is warmer than the air at 50°. In consequence of this, 
there will be an under current towards it, and an upper cur- 
rent from it on both sides; but the upper current towards 
the latitude of 60° will encounter the upper current from 40° 
to 50°, and the two masses of air meeting will obstruct each 
other^s course, and cause an accumulation to take place over 
some one spot near 50°, which would therefore from this 
cause have a more than ordinary pressure ; and the barometer 
would stand there above its usual height, were it not that 
the under currents are similarly affected in the contrary direc- 
tion ; that is. the air will flow out below from 50° at both 
sides, just a#^it flows in from both sides above, and a compen- 
sation will be thus effected. The lower current between 60° 
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and 60°, and the upper current from 00° to 60°, would be 
both reversed for some way ; or if the increase of temperature 
at 60° is not sufficient to cause a reversal of the movements, 
it will diminish the velocities of the regular currents in those 
parts. The lower wind from 50° to 00° would be weakened, 
and also the upper wind from 60° to 60°, and throughout this 
zone there would be a partial stagnation, which would be 
made up for by the increased vig-our of the action between 
60° and 70° ; for the difference oi temperature between these 
two latitudes would be greater, just in proportion as the tem- 
perature at 60° was elevated above its natural pitch. It thus 
appears that interruptions in the steady decrease of the 
earth’s heat from the equator to the poles, will affect the 
velocity of the passing currents; these will be arrested accord- 
ing as the decrease of the heat is arrested, and quickened as 
the decrease is quickened. The rapidity of the passing winds 
in any one place will determine whether the regions north 
and south of that place are very nearly equal, or are very 
unequal in temperature. Every dead calm that happens at 
the surface is a proof that the regular law of the decrease of 
temperature from the equator to the poles, is suspended some- 
where in the neighbourhood where the calm occurs. The 
legitimate places of calm are the reposing stratum between 
the upper and under currents, and the equatorial line where 
the opposite under currents neutralise each other. All other 
calms are the result of irregularities, or departures from the 
relation of temperature to latitude. 

26. The gradual decrease of the earth’s temperature from 
the equator to the poles will thus maintain the two great 
movements which pervade the whole mass of the atmosphere ; 
and the air over the equator will stand permanently higher 
than the air over the poles ; that is, the height of the atmo- 
sphere will be greatest where the heat is greatest, and will 
diminish as the temperature falls, being least at the poles. 
Thus the atmosphere encompassing the equator will be bulged 
out beyond the thickness that it has in high latitudes. The 
pressure of the air at the surface will nevertheless remain 
much the same ; but at equal heights it will be different in 
different latitudes. The barometer will stand higher at an 
elevation of 10,000 feet over the equator, than at the same 
elevation elsewhere, owing to the elevation of the column by 
the greater degree of heat. 

27. If we now take the case of the heating of the air, not at 
the surface of the earth, or the base of an atmospjiieric column, 
but at some high elevation, a new train of consequences will 
result. Let a portion of air, from 10,000 feet upwards, 
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receive an accession of heat, while the temperature of the 
portion below remains the same. The first effect will be an 
expansion and rising* of the whole length of the column above 
10,000 feet; the upper regions will have thus an increased 
pressure and overflow all around. If the equatorial current 
IS passing along these regions, it will be met and resisted by 
this local current, and on one side the equatorial air will 
accumulate unduly, and on the other side there will be a 
deficiency. There is here a movement created above, without 
a counter movemervt heloio, and consequently air will be flow- 
ing away from the heated column, and no new air flowing 
in ; hence its quantity or pressure will diminish, and the 
barometer, which measures the pressure, will fall. Suppose 
the heating now described took place at latitude 50°, the 
upper portion of the column at 50° would be expanded, and 
its pressure against adjoining columns increased; it would 
overflow north and south, east and west, without compensa- 
tion below, and the barometer over 50° would fall, while the 
barometer all round would rise. This would happen on the 
side next the equator, because there the upper equatorial 
current would be kept and accumulated, instead of passing 
along at its ordinary rate ; and the side next the poles would 
be in a ^reat measure robbed of its usual stream, and would 
receive instead the overflowing of the heightened column at 
60° ; and in so far as the one effect did not compensate for 
the other, the barometer would be disturbed there likewise. 

28. If a sudden cooling were to take place at a great eleva- 
tion, and were to extend upwards and not downwards, the 
opposite effect would be produced : the upper atmosphere 
would contract and sink, and the surrounding masses would 
flow in upon it, while there would be no outward flow beneath 
to counterbalance the action ; hence an unusual accumulation 
of air would take place, which would show itself in raising 
the barometer. Thus a heating of the upper regions over 
any one place makes the barometer sink, and a cooling makes 
it rise. This is Professor DanielFs opinion as to the imme- 
diate cause of barometric fluctuations in general, which have 
been a subject of very great difficulty, and have received a 
great number of varying explanations. 

VAPOUR OF THE ATMOSPHERE, 

Vaporisation— Dew—Mist—Clouds—Rain—Hail—Snow. 

29. Next in quantity to nitrogen and oxygen, although 
very small compared with these, is the vapour of the atmo- 
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sphere; that is to say, the praseous water or steam that is 
constantly present in it. Although very trifling in amount, 
this portion of the atmosphere is of immense importance in 
its effects. Unlike the other gases, it is easily reduced from 
the aerial to the liquid form, or to water as we usually find it ; 
and it is constantly going through the processes of becoming 
liquid, and descending to the earth, and again rising into the 
air in the gaseous or invisible form. The great agency con- 
nected with these transformations is heat. When water passes 
into steam, it takes in a large amount of heat, which is ren- 
dered insensible to the feeling or to the thermometer ; and 
when steam or invisible vapour is condensed into water, all 
this heat is given out again. 

30. It is essential to bear in mind that true gaseous water, 
steam, or elastic vapour of w'^ater, which all mean the same 
thing, is invisible, like the other portions of the atmosphere ; 
and that the white cloud that appears at the chimneys of 
steamboats and locomotives, and at the spout of a kettle, is 
not gas or elastic vapour, but vapour partially condensed, 
whose particles only require to be brought together to become 
drops of water. The elasticity, or the mutual repulsion of the 
atoms, is at an end when the steam becomes visible ; likewise 
the latent heat has passed out of it ; and thus it has lost the 
main features of a gas, and made an approach to becoming a 
liquid. There is nothing wanting to complete the change but 
the adhesion of the particles, which in cloud are a sort of 
watery powder nearly approaching to sea-spray, or water 
spreaa out into something like dust. Mists, fogs, and clouds 
are of the same character : they are not gaseous steam, but 
precipitated watery particles destitute both of mutual repul- 
sion and of the latent heat of steam. When these particles 
get close enough, they freely adhere, and become arops of 
water, and descend as rain. It is impossible to make the par- 
ticles of a true gas adhere — their mutual repulsion prevents 
it ; but if the latent heat is made to pass away, the repulsion 
is at an end, and nothing hinders them from coming close 
and cohering into liquid drops. All visible vapour, there- 
fore, is an intermediate state between elastic invisible vapour 
and water ; it is in the state where the elasticity or repulsion 
has departed, while the aggregation into a condensed liquid 
has not taken place. If tne atmosphere contained nothing 
but true steam, it would be transparent and cloudless. 

31. The formation of steam out of water is most conspicuous 
in the process of boiling, where the surface is kept in an in- 
tense bubbling state, each bubble containing a mass of steam, 
which forces its way up into the air. This boiling takes place 
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at 212° of the thermometer, called for that reason the 
hoiling -point. The steam thus formed has an elastic force 
equal to the pressure of the atmosphere, or a force of 1 4f lbs. 
to the square inch ; that is, when admitted into the cylinder 
of a steam-engine, below the piston, it forces the piston 
upwards with a power that it would take 14f lbs. on the 
square inch to balance ; or a piston of 10 square inches would 
be buoyed up as with a weight of 146 lbs. The reason for the 
violmt escape of steam at 212° is, that it has attained a 
force equal to the weight of the atmosphere pressing on the 
water, and is therefore able to set aside this pressure, or make 
its way in spite of it. But even at temperatures below boiling, 
water passes into steam slowly and invisibly. It is well 
known that a wet surface soon becomes dry ; in other words, 
that the water upon it disappears. Water, however, cannot 
be annihilated, or pass out of existence (it is impossible to 
annihilate any substance that has weight); in the drying 
process, the liquid water becomes gaseous invisible water or 
steam, and mixes with the other steam contained in the air. 
But for this disposition of water to pass into the aerial state, 
it would remain as permanent on a spot as paint or plaster. 

32. The rapidity of the process of drying up, or of the pass- 
ing of water into steam, depends in the first place on the 
temperature of the water. We have seen that it is abundant 
and violent at 212° j and it is less and less for every degree 
downwards. The elastic force of the steam produced also 
depends upon the temperature. The elastic force of steam at 
the boiling-point is equal to the pressure of the atmosphere ; 
while the elastic force of steam produced silently at 80° is 
only ^^flth of the elasticity of the atmosphere, or equal to one 
inch of the barometer. 

33. Now the entire quantity of steam that can rise is 
limited by the temperature in the same manner as the elas- 
ticity is limited. Water at 80° will give forth vapour, until as 
much has been moduced in the atmosphere as would counter- 
balance one inch of mercury ; evaporation then ceases, and 
the air is said to be saturated with steam. Whether the 
steam rise freely into the atmosphere, or rise into a vacuum, 
no more will be produced at 80° than this quantity. If the 
temperature were raised to 90°, there would be the means of 
supporting an additional quantity of steam, and evaporation 
would again go on, until as much were distributed through 
the air as of itself would counterbalance 1*36 inches of mer- 
cury, or ab^t 5 * 5 d of the weight of the whole atmosphere. 
With every new addition of heat, new evaporation would go 
on, which would be of the silent kind up to 212°, when the 
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full pressure of the atmosphere would be reached. If an exten- 
sive lake were at this extreme temperature, steam would be 
produced from it, until as much were diffused through the 
air as would press upon the gi^round at the rate of 14J lbs. to 
the square inch, or sustain 30 inches of mercury ; the other 
air of the atmosphere and the steam together would raise the 
barometer to aoout 60 inches, which is called a pressure 
of two atmospheres. But as the water on the earth^s surface 
does not rise much above SO'^ even at the equator, and is far 
below this temperature in other regions, the whole weight 
of vapour in the air rarely amounts to one inch of mercury ; 
so that if the pressure due to nitrogen and oxygen by them- 
selves were 29^ inches, the whole pressure, including the 
vapour, would be only about 30 inches, and at the utmost 
30^ inches. 

34. It has been stated that at 80° vapour rises till as much 
exists in the air as weighs an inch of mercury, and that if 
the heat be increased, an additional quantity can be produced 
and supported. Let us now consider what must happen if 
the air were saturated with all that could be maintained at 
80°, and if the temperature were then lowered, say to 60°. 
While at 80°, the vapour may amount to an inch, at 60°, it 
amounts only to *52, or little more than half an inch. If, 
therefore, the full quantity which can subsist at the higher 
temperature has been produced, and if the temperature then 
descend to the lower point, there will be nearly half an inch 
too much for the reduced temperature, and this excess will 
be thrown out in the state of visible non-elastic vapour, or fall 
down as liquid drops. No more than '52 of an inch can pos- 
sibly remain in the state of invisible steam, or true gas of 
water at 60° ; and if a previous higher temperature caused 
more than this to rise, all the surplus will be rejected, and 
made to assume some one of the forms of unelastic steam ; 
there will be either some kind of fog, cloud, or mist, or the 
aggregation of these into watery coherence. Again, if the 
temperature were to fall from 80° to 38°, and if the full 
amount of vapour that could exist at 80° had been formed, 
then, since at 38® only a quarter of an inch can be maintained, 
it would necessarily happen that three-quarters of an inch 
would be thrown out in a visible non-elastic shape, appear- 
ing first as an exceedingly dense mist, and then depositing 
itself on all adjoining surfaces in wet drops : so that to find 
the effect of a reduction of the temperature of an atmosphere 
of vapour, we have first to find how much weight or true 
steam exists, and in the next place to determine how much 
can be sustained at the lowered temperature, and subtract the 
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one from the other; the difference will ^ive the weight of 
what is necessarily converted into visible vapour. The fol- 
lowing table exhibits the amount of vapour corresponding to 
each degree of temperature from zero of Fahrenheit to 90° : — 


Table, showing the Elasticity of the Vapour that can be maintained 
at each Degree of Fahrenheit, from 0° to 90", expressed in Inches of 
Barometric Pressure. 


Degrees. 

Inches. 

Degrees. 

Inches. 

1 Degrees. 

Inches. 

Degrees. 

Inches. 

0 

•061 

23 

•144 

i 46 

•326 

69 

•704 

1 

•064 

24 

•150 

1 47 

•337 

70 

•727 

2 

•066 

25 

•155 

48 

•349 

71 

•751 

3 

•069 

26 

•161 

49 

•361 

72 

•776 

4 

•071 

27 

•167 

50 

•373 

73 

•801 

5 

•074 

28 

•173 

51 

•386 

74 

•827 

6 

•077 

29 

•179 

1 52 

•400 

75 

•854 

7 

•080 

1 30 

•186 

1 53 

•414 

76 

•882 

8 

•083 

1 31 

•192 

! 54 

•428 

77 

•910 

9 

•086 

1 32 

•199 

55 

•442 

78 

•940 

10 

•089 

1 33 

•207 

1 56 

•458 

79 

•970 

11 

•093 

34 

•214 

57 

•473 

80 

l-OOl 

12 

•096 

35 

•222 

58 

•489 

81 

1-034 

13 

•100 

36 

•230 

59 

•506 

82 

1*067 

14 

•104 

37 

•238 

60 

•523 

83 

MOl 

15 

•108 

38 

•246 

61 

•541 

84 

M36 

16 

•112 

39 

•255 

62 

•559 

85 

M71 

17 

•116 

40 

•264 

63 

•578 

86 

1-209 

18 

‘120 

41 

•274 

64 

•597 

87 

1-247 

19 

•125 

42 

•283 

65 

•617 

88 

1-286 

20 

•1*29 

43 

*293 

66 

•638 

89 

1*326 

21 

•134 

44 

•301 

67 

•659 

90 

1*368 

22 

•139 1 

45 

•315 

68 

•681 j 




35, When as much steam exists as can be maintained at the 
temperature which the earth and air have at the time, satura^ 
tion is said to take place. Thus at the temperature of 70°, *727 
of an inch would suffice for saturation; and at 32°, *199, or 
about one-fifth of an inch, would have this effect. But if 
less steam is formed than could be supported at the tempera- 
ture, there is said to be a certain amount of dryness or thirsti- 
ness in the air ; meaning that there is room for further evapo- 
ration. Thus if at the temperature of 65° there exists only 
half an inch of invisible vapour, the air is below saturation, 
and gives an opening for more to rise out of the water lying 
on the surface of the earth. The air is dry to the extent of 
one-tenth of an inch of the barometer ; for at 65°, about six- 
tenths of an inch could be supported, while only five-tenths 
exist ; evaporation may therefore ^o on till the additional 
tenth is supplied, and then the air will be fully saturated. 

86. The aegree of dryness or thirstiness can be measured 
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by the difference between the amount of vapour existii^, and 
the amount that might exist under the temperature. Thus if 
the temperature were 40°, and the vapour a quarter of an 
inch, the dryness would be the difference between '25 and 
*264 (which is the amount sustained at 40°^, or *014 ; that is, 
ji^-uths of an inch of the barometer. So if the temperature 
were 85°, and the vapour nine-tenths of an inch, the diyness 
would be *9 subtracted from ri71, or *271, which is a little 
more than one-fourth of an inch. It is on the amount of this 
difference that the rapidity of evaporation depends, or the 
quickness of the process of the drying up of wet surfaces. In 
the case last-mentioned, where the dryness is *271, the rapi- 
dity of evaporation would be about twenty times as great as 
in the previous case, where the difference was *014. 

37. If the quantity of vapour in the air is less than what is 
supportable at the temperature for the time being, there is 
some lower temperature which this quantity would com- 
pletely saturate. Such temperature is called the temperature 
of the dew-point. Thus if there were three-quarters oi an inch 
of vapour existing, the temperature that this would saturate 
will be found from the table to be 70° (the number at 70® 
being *727, or very nearly three-fourths) — that is, if the tem- 
perature were made less than 70°, this quantity of vapour 
would not be supported ; if it were more than 70®, a greater 
quantity could be supported ; 70° is therefore the temperature 
of the dew-point for this amount. It is so called because the 
smallest cooling below 70° would bring out visible mist, and 
cause dew to be formed on adjoining surfaces. The dew- 
point is the lowest point to which the air can be cooled down 
without giving out visible moisture. If the air were satu- 
rated, the temperature and the dew-point would be the same ; 
if the air is dry, or not saturated, the dew-point temperature 
is below the air temperature ; and the difference between the 
dew-point and the temperature of the air is a measure of the 
dryness. 

38. The number of degrees of Fahrenheit between the air 
temperature and the dew-point temperature is not, however, 
the exact estimate of the diyness, as will be seen from the 
following example. Suppose the temperature of the air 80°, 
and the dew-point 70°, then the amount of additional vapour 
that could be supported would be found thus : — 

Vapour Bustainable at 80®, - 1*001 inches 

70% - *727 ... 

Difference, - - - *274, above a quarter of an inch. 

Thus a difference of 10° of temperature makes a vacancy for 
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a fourth of an inch of vapour. Take now a difference of 
10° further down in the scale. Suppose the air 40°, and the 
dew-point 30° : — 

Vapour sustainable at 40°, - - *264 inches 

30°, - - *186 ... 

Difference, - - - ' *078, about l-12tli of an inch. 

So that a difference of 10° between 70° and 80° makes a dry- 
ness or deficiency three times as great as a difference of 10° 
between 30° and 40°. Water would disappear three times as 
fast in the one case as in the other. Hence to know accu- 
rately the dryness of the air at any time, we must reduce the 
difference of temperatures to barometric inches, according to 
the preceding table. 

39. If vapour existed in empty space, with no other gas 
along with it, the quantity existing at any one time would 
be determined by the barometer. But as, in fact, the vapour 
is only a very trifling portion of the mass of gases which press 
upon the earth, the barometer cannot give its value sepa- 
rately ; the mercurial column expresses only the pressure of 
the sum-total of the atmosphere. Hence some other means 
must be adopted for finding the amount of vapour by itself. 
Instruments used for this end are called hygrometers ; from 
the Greek hygros^ moist, and mctroriy a measure. 

40. Apart from instruments, we judge of the dryness of the 
air, or of the additional amount of vapour which it could sus- 
tain, by the time required to dry wet bodies, such as the 
ground, or wet clothes hung in the air. We call that a dry 
day which makes water disappear rapidly from all surfaces, 
and which keeps the air clear and transparent. On the 
other hand, when wet clothes are found to make no progress 
towards drying, we call the day damp or moist ; the air in 
this case being saturated with vapour. If we were to make 
a stone as wet as it could be, without having upon it drops of 
water, the time it would take to dry thoroughly, in one day 
compared with another, would give an estimate of the respec- 
tive dryness of the days. Fogs and mists are evidence of a 
saturated atmosphere ; and perfect clearness is a sign that all 
the vapour which has recently risen, or is now rising, can be 
supported in the gaseous or elastic state. 

41. The chief instruments for determining with perfect 
accuracy the dryness of the air, and the actual amount of 
aqueous vjlpour that it contains — technically its hygrometric 
condition — are DanielPs hygrometer, and the wet and dry- 
bulb thermometers : — 
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42. The principle of DanielFs hygrometer is, to cool the air 
down upon some surface till dew ^pear, and to mark the 
temperature when this happens. Thus suppose a tumbler 
standing in the open air is cooled by pouring m cold water, or 
any other cold liquid, until the sides of the tumbler are covered 
with dew, the temperature of the glass at the moment that 
the dewing begins will be the temperature of the dew-point ; 
for it will be the lowest temperature to which the air could 
be cooled without giving out visible moisture, and will there- 
fore be the temperature that the existing vapour would com- 
pletely saturate. Thus if the air temperature were 66°, and 
if, after pouring in cold water till dew appeared, it were found 
that, at the moment of dew commencing, the temperature of 
the tumbler were 62°, this would be the dew-point tempera- 
ture, or simply the dew-point. 

43. The construction of the hygrometer is as follows : — 
A central pillar or stalk has a thermometer attached to it, 
and carries across the top a glass tube, bent down at each 

ena, and terminating in two bulbs 
a and h; the longest branch has 
a thermometer t, inside whose ball 
b is the centre of the bulb a. The 
tube and bulbs are perfectly air- 
tight, and contain a quantity of 
ether, which is seen partially fill- 
ing the lowest bulb. The bulb b 
is covered with muslin, and the 
bulb a is either blackened or co- 
vered with a metallic coating. The 
inside of the tube contains, besides 
the liquid ether represented around 
_ the thermometer ball, an atmo- 
sphere of gaseous ether, which is 
expanded through its whole interior, and into the muslin- 
covered bulb b. Along with the instrument, there is used a 
small bottle of ether e, with a bent tube in its mouth, to allow 
the liquid to be poured out in drops. The instrument is 
placed exactly as m the figure when an observation is to be 
made ; and the two thermometers are supposed to be both at 
the temperature of the air. The observer then takes up the 
little bottle, and drops ether on the muslin bulb. The ether 
being exceedingly volatile, evaporates rapidly, and cools the 
bulb; and this cooling has an effect on the gaseous ether 
within, and condenses a portion of it ; which ccndensation 
leads to a fresh evaporation from the liquid ether in the lower 
bulb, and consequently to the production of cold within that 
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bulb, and the cold goes on increasing in it so long as ether is 
dropped oil the muslin. The temperature of the thermometer 
bulb is thus steadily falling, and in the course of a short time 
it will descend to the dew-point temperature, and the outside 
of the bulb will become visibly dewed. The instant of the 
dew^s appearing is what the observer has to note, and also 
the height of the enclosed thermometer at this instant, for the 
temperature of deposition is strictly the dew-point tempera- 
ture. To make the observation more accurate, the, bulb is 
allowed to become warm again, by ceasing to drop ether on 
the other bulb, and notice is taken of the moment that the 
dew disappears, and of the enclosed thermometer at the 
instant ; the mean of the two temperatures — the temperature 
of deposition and that of clearing — will accurately express the 
dew-point. The thermometer on the central pillar gives the 
air temperature at the time of the observation, and enables 
the observer to ascertain the dryness of the air by determining 
the diiference of the two. 

44. The determination of the dew-point by the wet and 
dry-bulb theimometers depends on the effect of evaporation in 
causing cold. When water passes into invisible vapour or 
steam, it absorbs from whatever substances it touches a large 
amount of heat, and consequently makes the bodies from which 
it rises colder as it proceeds. If the surface of a pool is giving 
off vapour, the remaining mass of water is made colder by the 
action ; and if a wet cloth gives off its moisture, the cloth is 
cooled through the loss of the heat which the rising vapour 
carries off : the more intense the evaporation, the greater 
will the cooling be. Thus if we had two pieces of cloth, one 
wet, and the other dry, and if both w’ere of the same tempera- 
ture, and exposed to the air, after evaporation had gone on 
for some time from the wet surface, it would be found to have 
become colder than the other ; and the more so the more rapid 
the process of drying ; so that, in a verj^ diy atmosphere, the 
difference of the two would become considerable. In applying 
this principle to measure the humidity contained in the air, 
two thermometers are taken — one of the ordinary construction, 
which serves simply to give the temperature of the air ; but 
the other has its bulb covered with a piece of rag, which is 
kept constantly wet by communicating with a cup of water 
by an absorbent wick. The water round the bulb will be 
constantly evaporating when there is any dryness in the air ; 
and the greater the dryness, the more intense the evaporation, 
and consequently the greater the cooling of the bulb, from 
which the rising vapour derives its latent heat. Hence this 
moist-bulb thermometer will fall in proportion to the degree of 
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the evaporation, or in proportion to the dryness of the air at 
the time. We have therefore only to compare the two ther- 
mometers — the one giving the air’s temperature, and the other 
a reduced temperature depending on the rate of evaporation, 
or the degree of thirstiness — in order to judge of the com- 
parative quantity of moisture existing in the surrounding 
atmosphere. If the air were perfectly saturated, no evapora- 
tion would be going on, and the wet bulb would remam as 
warm as the dry bulb, and the two thermometers would stand 
perfectly alike. But if the moisture is below the amount of 
saturation, a difference will be seen. Tables are used along 
with this hygrometer for calculating the dew-point tempera- 
ture, whicn is ascertained, without calculation, by DanielPs 
instrument. The advantage of the wet-bulb hygrometer is, 
that an observation can be made without much trouble; 
whereas a nice operation must be performed upon the other 
in order to obtain what is sought.* 

45. The force of evaporation, or the quantity of water which 
is converted into invisible vapour in a given time, depends 
entirely upon the dryness of the air, or upon the vacancy for 
moisture that exists at the time ; this vacancy being measured, 
as we have already shown, by the difference between what 
might exist and what does exist. For example, it is calcu- 
lated that if the air were at 60’, and the dew-point 40°, about 
a quarter of a grain of water would rise every minute from a 
surface of six inches diameter. But no calculation of this 
kind is as yet perfectly accurate, owing to the uncertain 


* Besides the above, there are various instruments called hygrometent, 
depending on the principle of the shrinking and expanding of bodies 
in relation to the degree of humidity with which they are affected. 
Fibrous vegetable substances, such as ropes, contract by imbibing 
moisture ; while, on the contrary, hairs and catgut (strings of violins) 
contract by drought. Hair has been found to be the most delicate 
in hygroraetrical motions. Saussuro accomplished the construction 
of a hygrometer from a single long hair, previously cleaned in a soda 
lye. Various philosophical toys, as ornaments for mantel-pieces, have 
also been constructed to indicate the dryness and moistness of the 
atmosphere, all on the similar principle of contraction and expansion 
of a hair, piece of catgut, or part of the beard of the wild oat. One 
of the most useful instruments of this class is a small object resembling 
a watch in external appearance, designed to prove the dampness or 
dryness of beds : a movable hand on the dial-plate points out very 
speedily the hygromctrical condition of the bedclothes on which the 
instrument is laid. Hygrometers of the kind just mentioned, however 
ingenious, fail as instruments of science or of rigid comparison, chiefly 
firom the circumstance of their liability to lose their cdhtractile and 
expansive energy, as well as the difficulty of making many of them 
possessing similar powers. 
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action of the wind on evaporation. The effect of a current of 
air, is to carry off the vapour from the surface as it rises, and 
leave the space free for an additional supply. The more rapid 
the wind, the faster every wet surface dries up. On calm 
stagnant days, drying is in general a very slow process com- 
pared with its rate under a brisk wind. 

46. Hitherto we have considered the steam or vapour 
atmosphere only as it is felt upon the surface of the earth, 
or as pressing with its whole weight. But its constitution, 
as we ascend, is of the same varying character as that de- 
scribed in relation to the dry atmosphere of permanent gases. 
It has an elasticity like them, which makes it expand upwards, 
and become rarer and rarer, as the pressure of its weight 
diminishes. Were we to ascend so far as to go through half 
of the steam atmosphere, the expansion there would be found 
to be double what it is at the surface ; or an ounce of steam 
at that height would have the bulk of two ounces at the 
surface, or under the full pressure ; so that in this case also 
there is a gradation of pressure and elasticity, which it is 
possible to ascertain. There is also a steady decrease of tem- 
perature, consequent on the expansion and the increased capa- 
city for heat that takes place in the upper regions, which are 
unable to supply the new demand for heat thus arising. 

47. If there were no other atmosphere upon the earth than 
the atmosphere of vapour, and if the whole surface of the 
earth were at 32°, the constitution of such an atmosphere, in 
respect of pressure and temperature at different heights, 
would be, according to Professor Daniell, as in the following 
table ; in which it must be noticed that the numbers for the 
elasticity of vapour are somewhat different from the table 
given under par. 34, which is taken from the one in use 
at Greenwich observatory : — 


Height in Feet. 

Elasticity or 
Pressure in Baro- 
metric Inches. 

Temperature. 

0 

'200 

32" 

5,000 

‘177 

28 -5 

10,000 

•157 

25 

15,000 

•140 

22 

20,000 

'124 

19 

25,000 

'110 

16 

30,000 

'100 

13 


48. If w^compare this table with the similar one previously 
given for dry air, we find one striking discrepancy, and that 
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is in the decrease of temperatures. The decrease in the 
vapour is very slow compared w’ith that of the dry ^as. At 
5000 feet, the dry air sinks from 32° to 14®*8, or about 17% 
while the vapour falls only At 20,000 feet, the dry air 
is as low as — 43”, or has descended 76” : at the same height 
the vapour has descended only 13°, or to from 32” to 19”. The 
same contrast is seen whatever be the commencing’ tempera- 
ture. This disparity produces very important consequences, 
seeing that the two atmospheres are mixed up together. 

49. Another peculiarity of the vapoury atmosphere is, that 
the quantity or amount of it depends upon the temperature. 
The dry gas is expanded or swollen out by additional heat, 
but no new matter is added, and its total pressure remains 
the same ; but heat causes additions to be made to the quan- 
tity of the vapour. At a temperature of 80°, there is five 
times as much steam as at 32°; or it takes five atmo- 
spheres at 32° to make one atmosphere at 80° : hence if there 
were a steam atmosphere over the whole earth, depending in 
amount on the heat of each place, the pressure at the equator 
would be immensely greater than the pressure at the poles ; 
and there would be a steady decrease irom the lower to the 
higher latitudes : so that not only would the equatorial steam 
rapidly overflow towards each pole, but there would be no 
counterbalancing under -current, as in the dry air; and the 
vapour would be passed rapidly from one latitude to another, 
where it would be condensed, and fall as liquid water. The 
effect would be to distil the equatorial seas away to the tem- 
perate and polar latitudes, and from these the return would 
take place, not in steam, but in water currents along the 
surface of the earth. In the case of the general atmosphere, 
the cold latitudes send their lower air in upon the warm ; but 
in the case of steam, the pressure on a warm place would be 
greater through its whole height than in an adjoining cold 
place, in consequence of the increase of the total pressure or 
quantity. — Such being the characters of a steam atmosphere 
taken by itself, we "must now consider the nature of the 
mixture which it makes with the nitrogen and oxygen atmo- 
sphere, as previously described : — 

60. The same relation subsists between the vapour and 
these two other gases which holds between the two gases 
themselves ; that is, the particles of elastic vapour repel one 
another, but do not seem to repel the particles of nitrogen or 
oxygen ; consequentlv, while they must keep their distance 
from their own kind, they may freely approaclt„and remain 
near the particles of the other kinds. If the particles of 
oxygen are, in consequence of their smaller quantity, more 
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widely apart than those of nitrogen, the particles of water 
may be supposed to be much farther apart than either ; for 
the steam in the air is but very small in amount compared 
even with the oxygen. We are to conceive, therefore, a very 
wide-spreading set of vapoury atoms moving about in a space 
where there also floats two other sets of atoms, both of tnem 
much more numerous than the atoms of vapour. 

61. Although there is no repulsion between the atoms of 
difierent kinds, there may, however, be an attraction : it is pos- 
sible that when a particle of steam comes near to a particle of 
oxygen, they may cohere, and remain until something happen 
to separate them. We are quite sure that oxygen gas nas 
an attraction for liquid water, because we find that a large 
quantity of it is always absorbed and retained in water % 
such a force; and we have only to presume that the same 
attraction remains when the liquid particles have become 
gaseous particles, in order to assure ourselves of the likeli- 
hood of the fact : hence it will happen that the three atmo- 
spheres will not float entirely apart in single atoms, but that 
there will be numerous instances of two, or perhaps three, 
particles adhering into one. There can never be more than 
three in the case of three gases ; for two particles of the 
same gas cannot come together. 

62. Professor Daniell has traced very important conse- 
quences to the disparity of the decrease of temperatux*e in 
the two atmosphei'es of dry gas and vapour. We have seen, 
for example, that at 6000 feet the decrease of temperature of 
the dry air is from 32*^ to about 14° ; and that the decrease in 
the steam atmosphere by itself would be only to 28°. Now as 
this steam at 28° exists in the midst of the air at 14°, it will 
necessarily be cooled down, by the influence of the cold mass, 
to the same pitch as the air, or to 14°; but with this cooling 
a precipitation must take place, for the amount of steam that 
could exist at 28° cannot be maintained at 14°, and all the 
surplus will therefore be thrown out as visible cloud, and fall 
downwards to the lower regions. At some still higher stra- 
tum the same process will be again repeated ; for notwith- 
standing the amount thrown out at the first stage, what 
I'emains will at some high station be found too much for the 
surrounding temperature, and a fresh precipitation in the 
form of cloud will occur."^ 

63. Hence it will happen that although evaporation is going 
on abundantly in the lower regions, and the temperature such 
as to sustain it in the invisible form at the earth’s surface, 
yet when ft; rises upwards, it will come to some stratum too 
cold for it, and where, therefore, a certain portion must bo 

o 
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thrown out of the invisible into the visible state, and cause 
a cloudy layer to be formed. Above this the air will perhaps 
be clear for a considerable way, but at a certain additional 
height, the same excessive coldness will occur ; for the air^s 
temperature will always be decreasing faster than the tempe- 
rature of the vapour, and although the vapour should have 
at some one place a much lower degree of heat than the air, 
yet the more rapid fall of the air will soon bring the two 
to an equality : a little beyond this point of equality the 
air will be the coldest, and will cool down and precipitate a 
portion of the vapour. Thus the natural course of evapora- 
tion is to rise clear from the earth into the lower air ; then 
at a certain height to cause a cloudiness; above this there 
will be a clear space, and then a second cloudiness, and per- 
haps a third or fourth alternately, until the vapour become 
too thin and too small in quantity to be conspicuous. The 
greater the dryness of the lower air, the farther up will the 
clear region extend, or the higher will be the first place of 
deposition or cloudiness. If the air is near saturation below, 
it IS impossible but that a heavy precipitation or a dense mist 
should begin at a very small height ; on the other hand, in 
warm dry days, when the temperature is high compared with 
the dew-point, the air will be clear to a very great height ; 
and as there are certain conditions which will cause the preci- 
pitated cloud to be quickly re-absorbed, or else taken away, 
on such days the air may be clear throughout its whole 
height. Without a very considerable dryness at the surface, 
however, it is hardly possible for the upper air to be kept 
clear, owing to the natural operation of this peculiarity in the 
relative constitutions of the two atmospheres. 

54. When invisible vapour, or true steam, is precipitated 
either into water or into the intermediate state of cloud, its 
latent heat is given out ; that is to say, all the heat that 
entered into it when it first passed from water into steam. 
In the case of a precipitation in the upper air, all the heat is 
communicated to the air, and serves to raise its temperature 
to some extent. Now we have seen (par. 27) that this is one 
of the cases where the upper current of the atmosphere may 
be increased without a corresponding increase in the under 
current, and where consequently the total pressure will be 
altered. If the air is heated and expanded in the upper 
regions while remaining unaltered below, the overflow or 
passing away of the upper air will be increased, while the 
influx beneath continues the same, and consequmtly moi’e 
will be going away than there is coming in, so that the 
whole column will be lightened. In this case the barometer 
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must fall, and a corresponding- rise will occur in some other 
places ; hence a great degree of evaporation, or a very great 
quantity of vapour in the air, is apt to make the barometer 
stand low. The currents of dry air formerly mentioned do 
not tend to disturb the barometer ; the prime cause of all its 
fluctuations lies in the actions of the vapour, which alter the 
natural gradation of temperature and pressure, by carrying 
heat from the surface to discharge it in the higher regions. 

55. It has been found by actual observation, that the dew- 
point does not decrease steadily from the surface upwards, 
but continues at one pitch up to a certain height, and there 
makes a sudden fall; after which it is constant again for 
some distance, and then makes a second fall. These places 
of sudden cooling show where the cooling power of the air 
acts upon the vapour to precipitate a quantity of it, and to 
reduce the amount that is lett lying above. Mr Green, the 
aeronaut, found at an elevation of 9890 feet, that the dew- 
point temperature was G4°, the very same as was observed 
at the same time at the surface; 1100 feet farther up it fell 
to 32°, showing that a very sudden decrease must have taken 
place between the heights of 10,000 and 11,000 feet. Similar 
observations have been made on mountain tops. Captain 
Sabine observed, on one occasion at Trinidad, tne dew-point 
at the level of the sea to be 77°, the temperature of the air 
being 82° ; at the height of lOGO feet the dew-point was 76i°, 
and the air also 76^°, and precipitation was going on ; show- 
ing that he had reached the stratum where the air had fallen 
to the dew-point temperature, and a little below, so as to cause 
a precipitation to take place. 

56. We must now allude more particularly to the peculiar 
forms of visible vapour, or the constitution of the varieties of 
watery substance named mist, fog, cloud, dew, hoarfrost, 
rain, snow, and hail. Mist, fog, and cloud, are names for 
nearly the same thing. When there is a general haze of 
precipitated vapour covering the whole sky, and coming down 
to the surface of the earth, it is termed a fog. When a white 
smoke is seen to rise from the courses of rivers and wet land, 
it is called a mist; but mist and fog are indiscriminately 
applied to the same appearance — namely, to a vapoury haze 
lying upon the ground. Clouds are the masses of haze or 
fog which are seen floating in the higher regions, and which 
do not descend to the ground. 

57. It b|^ng well known that visible vapour, cloud, or 
mist, is not elastic or gaseous, and therefore is not supported 
by its expansive force like a gas, it has been always a mystery 
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bow the clouds are kept suspended in the air. When steam is 
precipitated into white watery particles, they ought to fall to 
the ground immediately like a shower of dust ; for they are 
no longer supported by being repelled upwards by the par- 
ticles beneath them. Many explanations have been devised 
for this singular fact. It has been supposed that the particles 
of cloud are like blown bubbles, which are lighter than the 
air, and therefore supported like balloons. But this is con- 
tradicted by every fact which is known about the air. If they 
were little balloons, they could hardly be so perfectly balanced 
as 'never either to float upwards or sink downwards, as all 
buoyant bodies that are not exactly of the same specific gra- 
vity as the surrounding fluid must do. Neither is there any 
reason for these bubbles all breaking, when they come to- 
gether, into drops of rain, as they would require to do to 
make the drops heavy enough to fall. But besides, no man 
can say how such watery vesicles can come to be filled with 
a gas lighter than the air surrounding them. 

58. The only explanation yet given which is consistent with 
the known facts, is, that the watery particles are suspended 
by their adhesion to particles of air, just as drops of water 
are suspended from any solid body. The force of mechanical 
adhesion of one substance to another, is one of the most exten- 
sive powers in nature. We see it in every shape. Mortar 
adheres to stones, glue to wood, water drops to almost every- 
thing ; solids are broken down and diffused through liquids 
by the same force; and gases have been proved to have a 
very strong adhesion both to liquids and solids. We are 
therefore quite entitled to suppose that a particle of water 
has an adhesion to a particle of air when they encounter one 
another in the atmosphere, just as we are sure that water on 
the ground has a strong attraction for the air in contact with 
it, or contained within its mass. This attraction upholds the 
vapoury particles when they are bereft of the self-sustaining 
power of elasticity or mutual repulsion, 

59. The steam of a kettle when it becomes visible, the 
white cloud of a steam chimney, our breath in a moist or 
cold day, are all precipitated moisture or mist. Sometimes 
this mist is rapidly reabsorbed as it spreads out, showing 
that there is a certain dryness or vacancy in the air sufficient 
to take it in among the invisible steam, when it is distributed 
over a somewhat larger surface. 

60. If the air is exposed to a cooling, so as to bring it 
beneath the temperature of the dew-point, vap^r must be 
thrown out everywhere, and a fog or mist will be formed. 
If, for example, the dew-point were 45°, and if a cold wind 
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or the decline of the day were to sink the air to 32®, then 
all the moisture above what can remain at 32° would be 
made visible, and a very dense fog* would be the result. 
In this manner are formed the dense fogs of the polar seas, 
the fogs found along the courses of rivers, upon the sides of 
mountains, and over shoals and headlands. The difference 
between the temperature of the water and the adjacent land 
affects of course the air resting upon them ; and hence the 
development of visible vapour in these localities. 

61. The celebrated fogs of London originate in the same 
way; but their black and thick appearance is owing to 
the quantity of smoke which is suspended in them. Water 
in every shape has an intense attraction for charcoal ; and the 
particles are strongly seized upon by the precipitated vapour, 
and detained to blacken the atmosphere. This attraction 
would seem to prevent the ready absorption of the fog, even 
in the dry air of rooms. In towns where little smoke is pro- 
duced, the peculiar black fogs of London never arise. The 
great attraction of water for almost all substances is one cause 
of the disagreeable effects of mists and fogs ; for the effluvia 
that would otherwise rise upwards and diffuse themselves, are 
to a great extent caught and held by the free vapour, and thus 
kept neap the surface. In stagnant foggy days, all the odours 
which arise from houses and works are more perceptible than 
at other times. 

62. Clouds have been distinguished by Mr Howard into 
several classes, according to their structure and appearance. 
The three principal forms are the cirrusy or feather-cloud, the 
cumulus, or heaped-cloud, and the stratus, or stretched-cloud. 
The cirrus is composed of thin threads or filaments, aggre- 
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f ated into woolly or feathery forms, and sometimes making a 
elicate slender network. It is the first indication of serene 
and settled weather, and first shows itself in a few fibres, 
spreading Ijirough the atmosphere. These fibres by degrees 
increase in length, and new fibres attach themselves to the 
sides. The duration of the cirrus is uncertain— from a few 
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minutes to several hours. It lasts long'er, if it appears alone, 
and at a ^reat height ; a shorter time, if it forms m the neigh- 
bourhood of other clouds. From its usually curling appear- 
ance, the cirrus is called in England the marc^s-tail cloud. 
The cumulus is the kind of cloud resembling mountains piled 
upon mountains, and generally ends above m rounded masses, 
while It IS horizontal below. The appearance, increase, and 
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evanishing of cumulus, in fine weather, are often periodical, 
and correspondent to the degree of heat. Generally, it forms 
a few hours after sunrise, attains its highest degree in the 
hottest hours of the afternoon, and decreases and vanishes at 
sunset. If the upper region, with its drying power, predomi- 
nates, the upper parts of the cumulus become cirrus. But if 
the lower region predominates, the basis of the cumulus sinks, 
and the cloud becomes stratus, which appears as a long hori- 



Stratus. 


zontal band of moderate density, with its lower surface rest- 
ing upon the earth or the water. Combinations of the above 
forms have been discriminated under the names of cirro- 
cumulus, cirro-stratus, and cumulo- stratus. The black rain- 
cloud, which seems a general mixture and confusion of all 
the clouds in the heavens, has been called the nimbus, 

63. The cirmis clouds are the most elevated : they have 
been found as high as 20,000 feet, and they musftherefore be 
often made up of snow particles, for even under the equator, 
water would be frozen at such a height. In general, we may 
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say of the light fleecy masses that we see on a summer day, 
that they are made up of snow powder, or frozen icicles. 
The cumulus clouds are evidently the precipitation of the 
ascending vapour in the cold upper regions ; for they gene- 
rally increase with the heat of the day, which disperses all 
superficial mists. The stratus^ on the other hand, has more 
the character of a night-cloud : it is a result of the cooling of 
the air in the evening, and comes out in the lower regions of 
the atmosphere. All mists and fogs are of this species of 
cloud, which, in its lightest state, does not wet leaves or any 
objects with which it comes in contact. In calm evenings, 
the stratus may be seen ascending from the valleys to the 
higher grounds, and there extending itself in masses like a 
fleecy mantle. It generally arrives at its point of greatest 
density about midnight, or between that time and daylight, 
and disappears at sunrise by the gradual elevation of temj>e- 
rature in the atmosphere. Sometimes it remains (j^uiet, and 
accumulates in layers, till the atmosphere is incapable of sus- 
taining its weight, when it assumes the condition of the 
heavy and dark ninibuSj and falls in a shower of rain. 



Nimbus. 


04. The various circumstances which concur to precipitate 
moisture in the atmosphere into the visible form of clouds, are 
summed up as follows by Mr Graham Hutchinson, in his 
Treatise on Meteorological Phenomena” (Glasgow, 1835) : — 
“ Isty When a diminution of the atmospheric temperature, 
unaccompanied by atmospheric rarefaction or transportation, 
takes place, 2d, When a diminution of the atmospheric tem- 
perature, arising from atmospheric rarefaction, takes place. 
Sd, When a diminution of the atmospheric temperature, 
arising from the transportation of air from a warm to a cold 
climate by the agency of winds, takes place. When an 
intermixture, and consequent reduction to a mean tempera- 
ture, of difijgrent portions of air, of previously diflerent tempe- 
ratures, takes place. If any one, or any combination of these 
circumstances, happens to occur when the atmosphere is pre- 
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violisly saturated with humidity; or supposing the atmo- 
sphere previously somewhat under -saturated, if they take 
place to such an extent as to produce over-saturation, a preci- 
pitation of moisture into the visible form of cloud or mist is 
the necessary consequence.” 

65. When moisture is precipitated at night in the form of 
wetness, and drops on the surtace of the ground and on the 
leaves of plants, it receives the name of dew. This precipitation 
arises when the surface of any body is cooled below the dew- 
point temperature. Thus if the dew-point were 45°, and if by 
any means a glass tumbler were cooled down to 40°, the film 
of air lying next to it would also be cooled down to 40'’, and 
would therefore have to give out all the vapour which it could 
not hold at that temperature ; but the precipitated surplus in 
this case would not appear as mist in the air, but would 
adhere to the surface or the glass. When cold glasses are 
brought into a warm room, they sometimes become dewed all 
over in this way. The bringing out of visible dew is, as we 
have seen, the means of determining the dew-point tempera- 
ture in Daniell’s hygrometer — par. 43. 

66. Night-dews are most copious when the sky is clear. 
The reason of this is, that the earth cools faster under a clear 
sky than when hung over with dense clouds, which prevent 
tlie radiation of the neat. The surfaces which naturally radiate 
off their heat with most rapidity are the first to sink below 
the dew-point temperature and to become dewed. Thus rough 
surfaces are wetted sooner than smooth, plants sooner than 
glass, and glass sooner than metals. Metals being good con- 
ductors of heat, as fast as their surface cools, heat nows to it 
from the interior, and consequently the temperature of the 
surface cannot sink till the whole mass throughout has parted 
with its heat. Woolly and fibrous substances cool very fast, 
and are therefore rapidly bedewed. Locks of wool, and the 
like, are readily soaked with dew. 

67. No dew can fall on a surface till its temperature has 
fallen below the dew-point ; hence in the case of a very dry 
atmosphere there may be no dew formed at the coldest time 
of the night. In arid deserts, and in the countries where dry 
winds prevail, dew is not often seen. 

68. When the surface dewed is below the freezing tempera- 
ture, the vapour is not only precipitated, but is also frozen ; 
hence the origin of Ihoarfrost, or frozen night -dew. The 
occurrence of hoarfrost is a pi*oof that the temperature of 
the ground has fallen belo^ 32®, as well as beloffv the dew- 
point temperature. As in the case of dew, eveiything that pre- 
vents the radiation of heat arrests the formation of hoarfrost. 
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During the chilly nights of spring, plants that 01*6 sheltered 
by trees are less liable to be frozen than those which are fully 
exposed, and a slight covering of straw, or even of paper or 
netting, will often afford an effectual protection. Vineyards, 
it is said, have frequently been saved from the effects of frost 
by enveloping them during the night in a cloud of smoke. 

G9. Rain is the aggregation of the cloudy particles into 
masses or drops, which can no longer be sustained by ad- 
hesion to the particles of air, and must tlierefore fall to the 
ground. When a very great precipitation of moisture takes 
place, this adhesive support will be overcome, and one after 
another the watery particles will drop away, and in their fall 
attach others and carry them down also, till, after a descent of 
several hundred feet, each drop may contain thousands or 
millions of the original separate atoms. But something must 
happen to bring the particles near one another before they 
can cohere and become drops. It is almost certain that eacn 
particle of a cloud, when it is first thrown out into the visible 
shape, must be apart from the particle next adjoining at least 
several hundreds of times its own breadth, so that an exten- 
sive cohesion will not naturally arise till some commotion has 
first brought them closer together. 

70. Rain most usually arises from the mixture of different 
strata or currents of air. When a warm saturated mass is 
acted on by a cold mass, there is always a precipitation of 
vapour; and besides this, the agitation and conflict of the 
two currents bring the scattered particles nearer each other, 
so as to favour their adhesion. Moreover, when the mutual 
repulsion of the particles is at an end, their cohesion has free 
play, and will instantly aggregate them to a certain extent, 
so that cloud will never consist of separated ultimate particles, 
but of minor water drops, not heavy enough at first to break 
away from their adhesion to the particles of air. But as the 
amount precipitated increases, the aggregate drops will become 
larger, and at last they will fall away by their own weight. 
There is a limit to the quantity of inelastic vapour which the 
atmosphere can support, just as there is a limit to the quan- 
tity 01 salt that water can suspend in solution ; when these 
limits are passed, the surplus must descend to the bottom or 
fall to the ground. 

71. The Heaviest rains are always experienced where the 
quantity of moisture in the air is great, or where the dew- 
point is high, as in tropical countries, in which the shower's 
nave a w^ht and ene^y unknown in cold regions : so also 
in summer the rains are heaviest everywhere, although they 
may not be so frequent as in the other seasons. 
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72. When the temperature of the stratum of air from which 
the rain falls is under 32°, the vapour or clouds must neces- 
sarily be frozen, and the descenain^ particles will be snow 
instead of rain. Snow-flakes are the ag*^reg‘ation or union of 
frozen particles, just as rain drops are the union of watery 
particles. They aggregate, according to the law of the crys- 
tallisation of water, into regular and symmetrical forms, of 



which the general character is a six-sided figure ; as, for 
example, six needles branching from a centre, or six arms 
from a six-sided nucleus, each needle being three or six-sided. 
Though single crystals always unite at angles of 30°, G0°, or 
120°, they nevertheless form, by their different modes of 
union, several hundred distinct varieties of snow-flake, some 
of which are figured in the preceding engraving. Any agita- 
tion of the air, or an increase of moisture or temperature, 
destroys of course their delicate and beautiful structure. 

73. When drops of rain formed in an upper stratum descend 
through a stratum whose temperature is less than 32°, which 
sometimes happens, although against the general course of 
the atmospheric gradations, they are frozen into lumps or 
balls of ice, which we term /mi/. Hailstones are thus the 
consequence of an irregularity, or an exception to the ordi- 
nary and natural arrangement of the atmospheric layers : 
instead of the colder air oeing always uppermost, in this case 
a cold must lie beneath a warm stratum ; or even several such 
alterations may occur. 

74. The precipitation of vapour in any shape is generally 
accompanied with commotions and rapid movements of the 
air, which are called storms. These differ from the ordinary 
wind currents in being sudden, violent, and temporary. 

75. Besides nitroffcn, oxygen^ and watery vapour, the atmo- 
sphere contains carbonic acid to the amount of about a two- 
thousandth part of its whole weight. This is employed by 
nature, along with water, in supplying the food of plants : 
and it is given out in the processes of combustion and animal 
respiration. It is diffused through the other gases of the 
atmosphere on the principles already laid down. Ammonia 
is also a constituent of the atmosphere, but its Amount is 
exceedingly small. These may be said to be all the perma- 
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nent elements of the atmosphere, or the substances always 
present in it, and diffused through its whole extent. 

76. From its contact with the earth, the lower stratum of the 
air usually contains a number of casual substances : such as 
the gaseous exhalations from animals and vegetables, living 
and dead ; the exhalations from all chemical and organic pro- 
cesses, whether natural or artificial ; the innumerable gaseous 
and volatile products of human habitations, villages and cities ; 
the odours and effluvia that issue from almost every spot of 
the earth ; the sand, dust, and fine solid particles wnich are 
carried up from the surface, and floated in the winds ; the 
seeds of numerous plants and animalcules, which, by their 
minuteness and lightness, are easily carried in the air ; and 
the subtle matters that convey the poison of disease. Most 
of these substances, from their injurious effect on the human 
system, are regarded as impurities ; but their consideration 
does not belong to meteorology. 


SURFACE OF THE EARTH IN RELATION TO THE ATMOSPHERE. 

Moan Temperature — Trade -Winds — Sea and Land-Breezes — Ilygrometric 
Changes— Fall of Rain— Fluctuations of tho Barometer and Thermometer. 

77. The changes and fluctuations of the atmosphere have 
all a relation to the peculiarities of the earth’s surface, and 
especially to the unequal heating of its different parts, owing 
to the varied action of the sun, the distribution of sea and 
land, and the difterent elevations of the land. The decrease of 
heat from the equator to the poles causes one class of atmo- 
spheric changes ; the change of the sun’s place in the course 
of the year, or the rotation of seasons, causes another class of 
changes ; and both of these are modified by the positions of 
sea and land, and by the characters of the mountains, valleys, 
and plains of the land surface. 

78. The mean temperature of the equator is about 81°, if 
taken at the sea-coast, where the action of the sea keeps it more 
equal than in the interior of continents. If the whole earth 
were a perfectly smooth globe of one uniform kind of surface 
— that is, if it were all sea, or all one kind of level land — - 
the temperature would decrease steadily from the equatorial 
amount, according to the latitude. The mean temperature 
at the poles cannot be known by actual measurement : it can 
only be inferred from the rate of decrease on to the highest 
latitude wg know. It has not yet been agreed, however, at 
what it should be fixed ; the most likely estimate which has 
hitherto been made is 45'" below freezing, or 13^ below the 
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zero of Fahrenheit. There would thus be a range of 94® 
between the warmest and coldest parts of the earth. If there 
were no other causes to affect the mean temperature besides 
the obliquity of the sun^s rays, it would decrease steadily and 
regularly from the eq^uator to the poles, and have a fixed pro- 
portion to the latitude. Thus at 10° lat., it would be some- 
what above 70° ; at 30° lat., it would be about 64° ; at 70° lat., 
it would be below freezing ; and so on for any other latitude. 

79. By the mean temyeratiire of a place is understood the 
average temperature for a whole year, or for a number of 
years. If observations were made of the temperature for 
every hour in the course of a day, the average of all these 
would be the mean temperature of the day; also the mean 
of the greatest and least temperatures would be pretty nearly 
the mean of the day. If the mean temperatures of 365 days 
are found in this way, and an average taken of the whole, 
this gives the average or mean temperature of the year. 
And if a great many years have been observed in the same 
manner, the average of the whole would be reckoned the 
general mean temperature of the place where the observations 
have been made. 

80. By striking the average of the mean temperatures of 
all the zones of latitude from the equator to the poles, we 
would have the mean temperature of the whole earth, which 
should be very much the same as the mean temperature of 
the circle of latitude half-way between the equator and the 
poles, or the latitude of 45°. 

81. The action of the sun is the chief source of the warmth 
possessed by the atmosphere and the ground, though not the 
only source. The eartn itself is proved to have a permanent 
internal heat, which increases gradually from a point beneath 
the surface downwards, as far as observations can reach. But 
the heat that fluctuates from day to day, and which is greater 
in summer than in winter, and in the daytime than during 
the night, is derived solely from the sun; and these varia- 
tions are owing to his acting more strongly at one time than 
at another. 

82. It has already been pointed out, under Astronomy, 
that the reason why the sun heats the equator and the 
regions adjoining more strongly than it heats the temperate 
and polar regions, is, that at the equator it rises higher in the 
heavens, and shines more directly downwards. The strength 
of the rays is always proportioned to their directness, which 
is most perfect when the sun ascends to the very^summit of 
the sky, or to the zenith. Accordingly, all places where this 
elevation is attained at noon, enjoy the greatest possible 
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degree of heating power; but the farther away a place is 
from the equator, the less is the average noonday height of 
the sun, and therefore the smaller the influence it exerts. 
Now at 10° of latitude the average meridian height is 10" 
below the summit, and at 60" latitude it is 60°, and so on for 
every other latitude. At the pole tj^e average noonday height 
is nothing at all, the sun being as often and as much below 
the horizon at mid*day as above it. 

83. Although the absolute warming power of the sun^s 
rays depends on the average height ot his daily ascent, yet 
the force of their stroke seems to be greater in the cold 
regions than in the warm. In all kinds of forces, quantity is 
one thing and intensity is a difierent thing. Thus it is found 
that in a clear day, in the polar regions, the power of the sun^s 
rays, when acting directly upon a surface, heats it more 
^rapidly there than rays of the same inclination would do at 
‘the equator. Voyagers in the polar seas have observed the 
pitch on a ship’s side melting under the sun’s rays, while the 
temperature of the atmosphere was far below freezing ; and 
by making observations in different latitudes, it appears that 
this intensity increases steadily from the equator to the poles. 
Such an increase is of very great importance to vegetation in 
the cold regions ; for as the flowering of plants depends in a 
great degree on the direct rays of the sun, the stronger these 
are the faster the process will go on ; and this additional 
intensity is some compensation for the general coldness of 
the earth and air in these regions. 

84. This difference in the intensity of the stroke of the sun’s 
rays is ascribed to the influence of the atmosphere through 
which they have to pass. It would seem that as the atmosphere 
is rendered more elastic, or as its temperature is increased, it 
exercises a greater power in subduing the force of the rays as 
they proceed through it. The atmosphere aiTests a certain 
portion of the heat, and is itself rendered warm by the por- 
tion arrested. This is one source of the warmth of the air. 
When clouds are spread out in the atmosphere, the resistance 
to the rays is still farther increased, and a greater portion 
taken up by the air itself. The other sources of atmospheric 
heat are, contact with the surface of the earth, and the radia- 
tion of heat from the ground upwards. The air arrests and 
retains a certain portion of the heat radiated from the earth 
upwards, as well as of the rays of the sun passing downwards. 
The lower strata of the air always tend to the same tempera- 
ture as ground upon which they rest ; because whichever 
is warmest gradually gives off its heat by conduction and 
radiation to the other. 
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85. The air exercises a verj important influence in keeping* 
up the mean temperature ot the earth, by resisting the pas- 
sage of heat outwards, on the same principle that our bodies 
are kept warm by clothing. The thinner the covering of air, 
the colder would the earth be ; as we see in ascending to the 
tops of mountains, at whiQh the temperature is always much 
lower than at the sea-level — the cold increasing with the 
height. These hi^h places receive a more intense solar radia- 
tion through the thin covering of air that lies upon them ; but 
such is the ease with which the heat can radiate off* through 
a thin atmosphere, that they are always kept comparatively 
cold. If we had no atmosphere at all, the rays of the sun 
would be very intense where they actually struck:, but so rapid 
would be the loss of heat by radiation, that the whole earth 
would be permanently kept far below freezing ; no liquid 
material of any known kina could exist on its surface. 

80. The first great effect on the atmosphere of the unequal 
tem})erature of the different parts of the earth, and especially 
of the steady decrease of heat from the equator to the poles, is 
to produce the two grand currents w^hich we have already 
described : an upper current from the equator to the poles, and 
an under current from the poles to the equator. If the earth 
were at rest, these currents w'ould blow exactly north and 
south, but the daily revolution of the globe has an effect in 
altering their directions. The equator, or thickest portion of 
the earth’s body, considered as a ball revolving on an axis, 
moves with the greatest rapidity in the daily whirl ; any 
place upon it is carried round at the rate of upwards of a 
thousand miles an hour. But the belts on each side of the 
equator being smaller in circumference, any point on one of 
them is moved with proportionably less rapidity. Thus the 
belt or zone at 60^ of latitude has only half the circumference 
of the equatorial zone, or about 12,000 miles ; so that a place 
upon it will move round only 12,000 miles a day, or 600 miles 
an hour. In like manner, at 30^, the rapidity of movement 
is about 860 miles an hour. Now the atmosphere revolves 
along with the earth, and every portion of it will have the 
same velocity as .the place on which it lies. Thus the equa- 
torial atmosphere will have a motion with the earth of 1000 
miles an hour, and the atmosphere at 60“ will have a motion 
of 600 miles an hour, from west to east. But if the equatorial 
air, with its high velocity, is carried away in the upper cur- 
rent to a place with a lower velocity, the air will still per- 
severe in its equatorial speed, and will consequently outrun the 
speed of the nlace upon which it has come, and will be felt as 
a strong wina in the direction of the rotation. If equatorial 
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air were suddenly transplanted to 30® latitude, for example, it 
would be moving from west to east at the rate of 1000 miles 
an hour, over ground whose movement would be only 860 
miles an hour ; or the air would outrun the ground, or sweep 
over it at 140 miles an hour. This would have the effect of 
a westerly breeze of this degree of rapidity, and as such it 
would be felt by the inhabitants. Hence the upper equatorial 
current in moving north and south, will also have an easterly 
motion, from this excess of rotatory speed over the places upon 
which it comes. In the north hemisphere it will be a south- 
west wind; and in the south hemisphere it will be a north- 
west wind — that is, in the north hemisphere it will be felt 
coming from the south with a westerly character; and in 
the other hemisphere it will be felt coming from the north 
with the same westerly character. 

87. A similar explanation serves to show that the under 
currents from the poles to the equator will not be due north 
and south, but will have, in addition, an easterly direction. 
Air from latitude 30° going upon the equator with a westerly 
velocity of 860 miles an hour, will move 140 miles an hour 
slower than the equatorial surface, or it will lag so much 
behind ; and the effect will be felt as an easterly wind sweep- 
ing over the surface at this rate. Thus at every place the 
great under current from the poles will have an easterly 
character ; or the under current in the north hemisphere will 
be a north-east wind, and in the south hemisphere a south- 
east wind. These under currents are known by the name of 
the trade-winds ; because they are so steady and constant, that 
they can be calculated on by navigators in the tropical seas. 

88. The trade-winds begin to be felt at about 30® of lati- 
tude on each side of the equator. Ships entering upon this 
belt begin to feel a steady easterly breeze, which continues, 
although with some variation, to within 2® of the equator. 
The two currents from north and south meet about the equa- 
tor, and completely neutralise each other ; and their meeting 
forms a belt varying from 150 to 650 miles in width, called 
the region of calms and variables. There is no steady wind 
in this region ; its atmosphere is generally calm, having at 
certain seasons light southerly winds, interrupted by fearful 
storms and tornados. 

89. The easterly direction of the trade-winds is greatest at 
their place of commencement, or about 30® latitude. As they 
pass towards the equator, they acquire an increase of westerly 
velocity by friction on the ground, which tend v to bring up 
their speed to the rate of motion of the equatorial surface, so 
that at the equator they lose the whole of their easterly cha- 
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racter, and become north or south. In a southward voyage, 
as from Britain to the Cape of Good Hope, a ship in entering 
the trade-winds experiences first a breeze almost due east, 
which becomes more and more southerly as it approaches the 
equator, and is completely south at the entry to the region of 
calms and variables ; on crossing this region, the southern 
trade is entered, which is at first due north, or blowing pretty 
direct from the equator, but it gradually shifts to the east- 
ward, or passes from north to north-east, and finally to east 
in emerging from the farthest limit of the southern trade. 

90. The reason why the trade-winds do not extend beyond 
30° of latitude is, that there the upper current begins to be 
felt at the surface. The equatorial overflow falls lower and 
lower as it passes along each hemisphere, and at a certain 
distance it reaches the ground, and is experienced as a south- 
west wind in the north hemisphere, and a north-west wind in 
the south hemisphere. This interrupts the steady course of 
the under current, which is overborne during the greater part 
of the year, for a certain way on each side of the trade-winds, 
by the descending current. In the belt from 30° to 40° in 
each hemisphere, the westerly current predominates over the 
easterly, and the encounter of the two causes more frequent 
storms and squalls than are felt within the limits of the 
trades. It is impossible that the easterly current should be 
entirely suppressed anywhere in the lower regions, but it is 
opposed more and more as it passes from the poles towards 
the latitudes of 30°, and the proportion of westerly breezes 
increases. In the temperate zone there is an alternation of 
east and west winds, happening at longer or shorter intervals 
in the course of the year, the westerly winds being on the 
whole the most frequent. 

91. But the two great primary currents are considerably 
modified by the annual course of the sun. If the sun re- 
mained always w^herc it is at the equinoxes — that is, shining 
directly on the equatorial line — the limits of the trade-winds 
would remain fixed all the year through ; but as it moves on 
each side of the equator, the zone of greatest heat also m*6ves, 
and with it the overflowing columns of the atmosphere. 
Thus at midsummer, the centre of overflow, instead of being 
on the equator, is shifted some way into the northern hemi- 
sphere, and the parting of the upper currents, as well as the 
meeting of the under currents, will take place northward of 
the equator ; and this will cause the entire belt of the trades 
to be movej northwards. Thus in June and July, a ship 
from the north would enter the northern trade before coming 
to latitude 30°, and would reach the region of calms before 

D 
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approaching the equator, and pass out of the southern trade 
before attaining to 30® of south latitude. The opposite ar- 
rang'ement will occur in winter, when the sun’s direct rays 
fall considerably south of the equator. 

9^. Hence it happens that in summer-time the region of 
calms is entered at from 10° to 12° distance from the equa- 
tor. The region of calms itself changes its character accord- 
ing to the season. When it is not absolutely calm, there are 
light southerly winds ; and about July and August a brisk 
south-west is found, owing to the under current from the 
south passing from the equatorial regions to places north 
of the equator, which have a less rotatory velocity ; being 
the reverse of what happens when the meeting of the currents 
is exactly on the equator. About the time of the equinoxes, 
the prevalent appearances are light winds from all points of 
the compass, long calms, and occasionally furious squalls with 
deluges of rain. 

93. The westerly winds which prevail outside the belt of the 
trades are shifted in like manner by the course of the seasons. 
They extend farther into the northern hemisphere in summer, 
and into the southern hemisphere in winter. Thus in Europe 
westerly winds are most frequent in summer and autumn, 
and easterly winds most frequent in winter and spring. 

94. The great upper and under currents are modified by 
another class of currents, of a more local and limited character, 
arising from the distribution of sea and land, and the unequal 
susceptibility of these to the sun’s heat. If the sun shine 
with the same directness and force on two tracts of surface, 
the one water, and the other solid ground, the ground will be 
most rapidly heated, and at the end of the day it will be 
found much warmer than the water. On the other hand, in 
the absence of the sun, the land cools fastest, and at the end 
of the night it will be found below the temperature of the 
adjoining water. This difference causes an inequality in the 
temperature of the columns of air lying upon the two sur- 
faces. When the land is hottest, the air resting upon it will 
be h8tter and more expanded upwards than the air over the 
sea; hence the cold air from the sea will rush in upon the 
hot in the lower regions, and the hot will fall in upon the cold 
above. Thus during the day, when the land is warmer than 
the sea, there will be a breeze from the sea to the land, and 
during the night a breeze from the land to the sea. These 
are called the fiea and land-breezes. They rise regularly 
on all the sea-coasts. In calm weather, or whm not over- 
borne by other winds, they may be always observed. The 
sea-breeze, or the current from the sea to the land, begins at 
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about eight or nine in the morning ; at first it is gentle, and 
extends only to a short distance ; it gradually increases both 
in force and in extent till about three o^clock m the aftei*noon, 
when it begins to decrease, and gradually to give place to the 
land-wind which rises soon after sunset, and attains its 
greatest force in the morning. When other winds occur, the 
sea and land-breezes will of course be modified by those. 
Thus on a west coast, during an east wind, the sea-breeze may 
be suspended entirely, or it may not be felt till about noon. 
For the same reason, east winds on west coasts are lighter 
during the day than at night, but they are made so much 
the stronger on east coasts. 

95. On coasts where a large tract of land joins a great 
expanse of sea, as on the coasts of America and the south of 
Asia, the sea and land-breezes become very considerable. The 
easterly trade-winds are often reversed by them. But the 
most powerful effect of the sea and land-winds is annual, or 
dependent on the seasons. In summer-time, under a high 
solar influence, the temperature of the land rises much above 
the temperature of the sea, and remains so day and night 
throughout the hot season. On the other hand, the sea is 
permanently hotter than the land in the cold season. Thus 
steady winds are kept up on the coasts except about the equi- 
noxes, or shortly after, wdien the sea and land are nearly of 
the same warmth. During summer and autumn there is a 
constant breeze from the sea to the land, and during winter a 
breeze from the land to the sea. The most remarkable example 
of this is furnished by what are called the monsoons — from 
the Malay word moussin, signifying seasons — experienced 
along the coasts of Africa, India, and China. 

96. When the sun is far north in midsummer, and shines 
with direct rays on the Asiatic peninsulas, the land in them 
is rendered very much hotter than the ocean, and a strong 
sea -wind sets in towards these coasts, with a direction for 
the most part opposite to the trade-winds, whose motion 
would be from these peninsulas to the sea in an easterly 
direction ; whereas these sea -winds are towards the landf, 
and, from the position of the coasts, are more westerly than 
easterly. Hence an immense wide-spreading conflict arises, 
which begins about the month of April, or two months 
before the sun has reached his extreme north declination. 
The first beginning of the conflict in April causes furious 
rain, wind, and thunder-storms, but in the course of two or 
three weelft the sea-breeze completely overcomes and suspends 
the trade-wind, and continues steadily to prevail from April 
to October ; this is called the south-west monsoon; and it can 
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be as much calculated on for navig“ation as the trade-winds in 
their most uninterrupted regpions. The influence which sus- 
tains this wind becomes gradually weaker as the sun moves 
southward, and in October it becomes too weak to overcome 
the trade-wind, and the two meeting with equal force, cause a 
second violent tumult of rain and storms, till in a short time 
the trade prevails ; which then continues during the winter 
half-year, and forms what is called the north-east monsoon. 
These winds are found to penetrate very far into the conti- 
nents, showing that the inequality of surface heat which 
causes them extends over a wide space. 

97. Mountains greatly aflect the monsoons’ course, by in- 
terrupting and diverting their progress. Thus the wind 
which brings the rain to the north-eastern part of the Indian 
continent, originally blows from the south-west over the Bay 
of Bengal, until it reaches the Himalayah Mountains, and 
those w'hich join them from the south ; these check its 
current, and compel it to follow their range towards the 
north-west; but when it has continued so far towards the 
north-west as to meet that chain of mountains 

Hindoo Coosh, then it is by them turned off towards the we..r, 
and sweeps along until interrupted by the range of the Soh- 
maun, which prevents its proceeding farther in that direction, 
or compels it to part with the clouds with which it was laden. 
If the reader will trace on the map the course here described, 
he will at once perceive the influence these mountains mu^t 
possess in modifying the direction and general chaiacter 
of the monsoon. 

98. In the Atlantic a similar action is perceived. In the 
summer-time, the land of North Africa is made so much liott, r 
than the adjoining sea, that a brisk south-west or south-south- 
west wind Mows between the equator and the southern limit 
of the northern trade, which is then at about 10° or 12° north 
latitude. The southerly character of this current might in 
part be owing to the influence of the southern trade, but the 
westerly direction must result purely from the sea and land- 
wind between the Atlantic and the African continent. In 
America also similar breezes are experienced. 

99. The principle of sea and land-breezes is exemplified in 
B different manner in mountainous countries. The mountain 
tops are warmest in the early part of the day, and the plains 
and valleys are warmest at the decline ; and there may be 
distinctly traced a current up the sides of the mountains in 
the morning, and downwards in the afternoon. 

100. But the difference of sea and land gives rise to another 
set of atmospherical fluctuations depending on vapour. The 
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chief sources of evaporation are the seas, lakes, and rivers : 
from these the moisture rises and diffuses itself over the land ; 
and in g’eneral it must happen that the air Iving- on the seas 
and lakes must be more highly charged witn watery vapour 
than the air lying on the land. The interior of continents 
will therefore be much drier than the sea-coasts. We have 
seen also that the rise of vapour into the higher regions of 
the atmosphere, and its precipitation there in the form of 
cloud, has the effect of warming and elevating the upper 
columns, and making them overflow all round, so that a class 
of winds will have their origin in this influence. There will 
be an upper overflow from the sea to the land, and an- under 
influx from the land to the sea, which will cause new compli- 
cations and changes in the atmospheric movements. 

101. The evaporation from the sea is not so great as from 
fresh water. The boiling-point of salt water is several de- 
grees higher than 212“. It is said, as a g-eneral rule, that the 
vapour rising from sea water is no greater in amount than 
would arise from distilled water 6^ colder ; or if the sea were 
at 40^, it would yield no more vapour than distilled water at 
40'. This makes the air over the sea much drier than it 
would otherwise be ; and, in fact, keeps the whole earth in a 
drier state than if the water were pure : there is less of clouds, 
fogs, dews, and raiiis. 

102. As an example of the moisture produced over the sea, 
Colonel Sabinr mentions one striking instance. While sail- 
ing on t^e coast of Africa between Madeira and Sierra Leone, 
the wind was one forenoon from north-north-east to north- 
east, or dn’ectly off' the land ; the temperature of the air was 
0(3 ^ and the dew-point ’was so low as 37 indicating an enor- 
mous degree of dryness ; the character of the wind approached 
the “ Harmattan,” or dry wind of the desert. In the after- 
noon the wind shifted to the north-west, which was ofl' the 
sea, on which the dew-point rose to 60% the air being 70“. 

103. The sea-winds in passing over continents gradually 
lose their moisture; so that the sea-coasts receive the largest 
share of water in all its forms, and the most distant parts of 
the interior the least. 

104. It is not possible for the elasticity of vapour to rise 
higher than 80“, or about one inch of the barometer. The 
highest temperature of the air over the ocean is 86% and it 
can never be fully saturated. Hence the extreme heats of 
tropical climates and of the height of summer must always be 
accompanied with great dryness. Although there is three 
times as much sea as land, this is not more than enough to 
keep up a sufficient moisture for the habitable countries ; for 
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although some regions have rather more than is desirable, 
many large tracts of country remain desert and uninhabitable 
solely from the dryness of their air and the scarcity of rain. 
If there had been as much land-surface as water, a far less 
portion of the globe would be habitable than at present. 

105. The lowest stratum of the atmosphere — that is, a 
thickness ranging from one to four miles — is more frequently 
saturated with vapour than any other, and constitutes the 
region of the clouds. Above this there is an almost uninter- 
rupted transparency in the sky. 

106. The evaporation is necessarily greatest in the equato- 
rial regions, where the temperature is greatest, and decreases 
steadily towards the poles. For the same reason, the precipi- 
tation of vapour, or the rain, must be most abundant in the 
warmest climates, and in the neighbourhood of the tropical 
seas. On the Malabar coast of the East Indian peninsula, at 
Hi® from the equator, the fall of rain in a year amounts to 
123 inches, or to a lake of water 10 feet deep. In latitude 60®, 
the fall is reduced to 17 inches. In Great Britain, the annual 
fall is from 20 to 40 inches.* Hence in hot countries the 
showers have a weight and force of which we have no con- 
ception from anything we experience. The quantity of rain 
on high grounds is often greater than at the sea-level, espe- 
cialty on mountains that stand in .the way of moist winds. 
At Geneva, the annual fall is about 81 inches ; at the Great 
St Bernard it is 60 inches. The rain which falls on the Cum- 
berland mountains is very great compared with the fall on 
the plains to the east of them. These mountains interrupt 
the highly-charged winds from the Atlantic, and receive a 
considerable portion of their vapour, rendering the air drier 
over the inland counties than at the sea-coast. The same 
influence is felt on a very large scale in South America. The 
air from the Pacific Ocean striking on the mountain -wall 
formed by the Andes, is carried up the sides of the mountains 
in its passage across, and so far cooled, as to give out a portion 
of its moisture ; and the winds on the other side of the chain 
are found to be comparatively deficient in vapour. The great 
rivers in South America — the Amazon, Orinocco, &c. — derive 
their waters from the heavy rains of the Andes : the interior 
of the continent is often intensely dry. 

^ The quantity of rain which falls at any station during a given time 
is ascertained by means of the rain-gattge—Bin instrument constructed 
in various ways. One of the simplest "forms consists of |v cylindrical 
copper vessel furnished with a float: the rain falling into the vessel 
raises the float, the stem of which is so graduated, that an increase in 
depth, to the extent of one-hundredth of an inch, can be ascertained. 
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107. Rain does not often fall in the constant trade-winds, 
but it is very abundant in the latitudes closely adjoining 
them. The vapour raised in the immediate vicinity of the 
equator overflows on each side, and comes to be precipitated 
at some distance from it. Another reason for the rarity of 
showers in this region is the steadiness of the temperature. 
In order to throw down vapour, a considerable cooling is 
necessaiy; the air temperature must fall below the dew- 
point. A cold current coming in upon a warm and moist 
air will have this effect, or a warm saturated air flowing over 
a tract of cold ground, or a severe cooling at night ; but 
these causes are not frequent near the equator. But when 
the equatorial air, with its high temperature and high charge 
of vapour, goes some way into the cold latitudes, it is reduced 
in temperature, and can no longer contain its entire load of 
moisture, and rainy precipitations must ensue. Thus a con- 
stant distillation is going on from the tropical seas towards 
the regions without the tropics on each side. Hence, as a 
general rule, south winds with us are moist and rainy, and 
north winds are dry ; the former come from hotter latitudes, 
where they have taken up more vapour than they can sustain 
in colder places ; the latter generally have much less than 
they can sustain. This rule, however, is greatly modified by 
the position we hold in reference to the great seas ; thus in 
Europe, south-west winds, which have come over the Atlantic, 
are the most damp ; south-east winds, which arrive a good 
way over land, are less charged with moisture. 

i08i The daily and yearly courses of the sun cause daily 
and yearly fluctuations of the temperature, moisture, and 
pressure of the atmosphere; or in the thermometer, hygro- 
meter, and barometer, which measure these fluctuations : — 

109. With regard to temperature, the daily fluctuation fol- 
lows the career of the sun. It is lowest, or at a minimum^ a 
little before sunrise, and it increases gradually from this time 
till two o’clock in the afternoon, when it is generally at its 
highest or a maximum. Although the sun is most powerful 
at noon, yet his effect in heating the earth does not attain its 
highest amount till about two hours after. From this hour 
the cooling commences, and goes on during the decline of 
the day, and through the night, till about half an hour before 
the reappearance of the sun in the morning. From observa- 
tions made at Leith, it was found that the average hour of 
least temperature for the whole year was five in the morning, 
and the a^rage hour of greatest temperature two hours ana 
forty minutes in the aftenioon. From the same observations 
it appeared that the hours when the temperature was the 
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same as the averag-e temperature of the day, were 9 hours 
13 minutes morning, and 8 hours 27 minutes evening, taking 
the mean of the whole year. These hours, which represent 
the average of the day, are not the same in all places ; they 
vary with the latitude and the elevation ; but the interval 
between them appears to be pretty constant, and amounts to 
about 11 hours 12 minutes. 

110. In the annual fluctuations of temperature, we find a 
similar course of rise and fall : tliere is an increase to a maxi- 
mum in summer, and a decrease towards a minimum in winter. 
The intensity of the sun^s rays is greatest in June, but the 
greatest heat occurs in July, or about a month after the 
longest day. In Paris, the highest temperature has been 
observed to happen on the 15th of July, and the least on the 
14th of January. The days whose temperature is the mean 
or average of the whole year are about the'22d of April and 
the 20th of October. It is true alike of the daily and the 
yearly variations, that the change of temperature is more 
rapid in the increase than in the decline. In Europe, a dis- 
tinct check to the rise of the temperature occurs almost inva- 
riably in the middle of February, caused by the cold east 
winds of spring. 

111. The fluctuations of vaj)our follow the changes of tem- 
perature. As the temperature rises, evaporation increases, 
and the amount held in the air becomes greater. On the 
other hand, the diminution of the temperature leads to preci- 
pitations, and lessens the amount of the steam atmosphere. 
As the sun ascends in the heavens each day, the e\ap(U’ation 
is promoted, and the absolute quantity in tlie air is increased ; 
but this additional portion being very small in proportion to 
the whole increase of temperature, the actual dryness of the 
air is also increased until the maximum of heat has been 
attained. With the decline of the day the dryness diminishes, 
without a diminution of the actual amount of vapour, until 
the air cools down to the dew-point, when precipitation must 
begin. The dew-point temperature is every night sunk at 
least as low as the least temperature of the night. Thus if 
the dew-point in the afternoon is at 30°, and the air at 40“, 
there will be no precipitation of dew, mist, or rain, while the 
air is cooling down from 40° to 30° ; but should the cooling 
not stop at 30°, but go on to 25% all the vapour that cannot 
be sustained at 25“ must be thrown out, and 26° will be the 
temperature of the dew-point ; and it will remain so till the 
sun rise, and fresh evaporation commence. It is i^ound that 
the evaporation of a single day can raise the dew-point tem- 
perature only a very short way, so that it is nearly the same 
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at noon as it was the previous night ; and as its temperature 
at night was determined by the lowest temperature of the 
air during the night, we have the means of ascertaining the 
dew-point for any day with considerable exactness, by find- 
ing the least temperature of the night previous. Thus if the 
lowest temperature of the night be 36'", the dew-point tempe- 
rature for the whole of the next day will be about 36°, or 
perhaps a little above it. 

112. The dryness of the air at the height of the day, and 
the average dryness of the whole day, may be determined 
on the same principle. The diyness of a day depends on 
the difference between the highest temperature of the day, 
and the least temperature of the night before ; thus if the 
maximum day temperature were 60 , and the minimum of 
the previous night 40°, the dryness would be very consi- 
derable. But if the least temperature of a given night, 
and the greatest temperature of the next day, are very nearly 
equal, the air will oe almost saturated with moisture the 
whole day. Thus dryness depends on cold nights preceding 
warm days ; a warm night, or a series of warm nights, 
are almost sure to be followed by sultry days. Hence one 
of the most important of thermometrical observations is the 
range of temperature for the day, or the greatest and least 
temperatures of each day. Over the sea, on the sea-coasts, 
and on islands, there is very limited range of temperature, 
and a great amount of moistness of the air. It is not uncom- 
mon to find warm and sultry nights followed by heavy rains ; 
but an extremely cold night can hardly by any possibility 
be followed by a rainy day. On the contrary, a very low 
thermometer at night betokens that next day will be dry 
and clear. 

113. This rule, which connects the lowest temperature at 
night with the dew-point of the following day, may be vio- 
lated by such accidental causes as the flowing in of warm, 
cold, or moist air, to change the character of the place. 
Thus suppose the dew-point reduced to 30^ by the cooling 
of the night, and that in the morning a south-west wind 
arose, warm, and loaded with vapour, the effect of this^impor- 
tation of moisture from other regions wmuld be to raise the 
dew^-point all of a sudden up to the degree of the new current. 
On the other hand, a warm sultry night, in which the dew- 
point stands at 40° through the whole night, may be followed 
by a day when a cold dry wind prevails, which will lower the 
temperati*’e of the moist air, and precipitate a large share 
of its moisture as mist, fog, or rain, and depress the dew- 
point accordingly. It may also happen that the cold of the 
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night may not descend so low as the dew-point, so that the 
least temperature will not be the same as the dew-point tem- 
pei^ature for the next day, but somewhat higher. In spite, 
however, of such casualties as these, the rule is generally 
true, and is very important in its applications, to inform 
us of the state of the air in respect of moisture, by means of 
the thermometer alone. If we take the lowest temperature 
of a night, and the average or mean temperature of the next 
day, the difference of the vapour sustainable at each will give 
the average dryness of that day. Thus if the minimum at 
night were 35% and the average of the day 42°, then 

Vapour at 42®, .... *283111011. 

35% -222 ... 

Dryness, or capacity for additional vapour, *001 inch. 

Again, if the average temperature were C0% and the low'est 
temperature 45° ; — 

Vapour at 60°, .... *523 inch. 

45° -315 ... 

Dryness, ..... *208 ineh, 

114. In this last case the dryness is more than three times 
as great as in the other. And to prevent mistakes, it must be 
remembered that a difference of a certain number of degrees 
will cause a much greater dryness at a high temperature 
than at a low. Thus let us compare the extreme dryness of 
a winter and a summer day, on the supposition that in both 
cases the greatest range of the thermometer is 20'’. Let 
the lowest temperature of the summer day be 50% for ex- 
ample, and the highest 70° : — 

Vapour that could be contained at 70®, . *727 inch. 

50% . *373 ... 

Difference, or extreme dryness of the day, *354 inch. 

Again, let the lowest temperature of the winter day be 30% 
and the highest 60° : — ' 

Vapour that could be sustained at 50°, • *373 inch. 

30^ • *192 ... ' 

Difference, or extreme dryness of the day, *181 inch. 

Thus the dryness of the winter day is less than half that of 
the summer day, although they have both the samC' range of 
20°. And if we consider that a range of 20° is very often 

attained in summer, and very rare in winter, in a country like 
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ours, we can judge what an immense difference there must be 
between the two seasons in point of dryness. We therefore 
see that both in the daily and the yearly fluctuations, the 
vapour contained in the air, and the dryness or the additional 
quantity that could be contained, are directly dependent on the 
course of the temperature. As a general rule, the air is drier 
at the increase than at the fall of the day and of the year. 
The morning is drier than the evening, and the spring is 
drier than the autumn. In the one case the temperature is 
increasing, and leaving the dew-point, as it were, at a greater 
and greater distance behind it ; in the other case, the tem- 
perature is falling, and coming gradually nearer to the point 
where precipitation must begin. 

116 . With regard to the fluctuations of atmospheric pres- 
surCf as shown by the rise and fall of the barometer, it is 
found that between the tropics these fluctuations are very 
small, not extending to much above a quarter of an inch ; but 
beyond the tropics they are very great, and the barometer 
has a range of three inches. Tlie abundant aqueous precipi- 
tations which take place on each side of the tropics are the 
cause of these extensive fluctuations. On the equator itself, 
and in the region of the trade-winds, there is a powerful 
and constant evaporation, but comparatively little precipita- 
tion. All accidental variations are greatest in the latitudes 
beyond the tropics. 

116 . The barometer has in all places a regular daily fluc- 
tuation. From mid-day it falls until between three and five in 
the afternoon; it then rises again till between nine and eleven 
in the evening. It falls again to a second minimum about 
four in the morning, and rises to a second maximum about 
ten in the morning. The hours are not exactly the same for 
all countries, and the extent of variation is also different in 
different places, but the rise and fall twice in the twenty-four 
hours is a universal occurrence. In the tropics, the maxima 
or greatest heights occur at nine moraing and evening, and 
the minima between three and four morning and afternoon. 
Near Edinburgh, the hours are about ten and four. The 
extent of the "fluctuation diminishes as the latitude increases, 
according to a regular law. At Edinburgh, it is, on the 
average of the whole year, about T^^th of an inch ; near the 
equator it is about ten times as great. The amount is also 
greater in summer than in winter. In the tropics, the varia- 
tion is smaller on the open sea than in the interior of conti- 
nents, shewing that it is greatest where the extremes of 
temfjerature in the day and night are greatest. The hours of 
maxima are farther from noon in spring and summer than in 
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autumn and winter ; that is, if they are at ten in winter, the 
morning' hour will be before ten, and the evening* after ten 
in summer. There can be no doubt that these variations are 
connected with the daily variations of temperature and vapour 
arising from the course of the sun, but the exact way in which 
they are produced is not very clearly understood. The after- 
noon minimum of the barometer corresponds nearly to the 
maximum of heat and of vapour, and the increase of these 
two quantities causes a lengthening of the column of the air, 
and a partial overflow upon the regions that are less charged. 
The morning minimum is near the minimum of the air tem- 
perature, and therefore happens at the time when vapour is 
apt to be precipitated by the cold of the night ; and the preci- 
pitation of vapour of itself has an influence in making the 
barometer fall, by throwing out its latent heat into the 
atmosphere, and in this way lengthening the column, and 
causing it to overflow. 

117. Beyond the latitude of C4°*8 the oscillation changes its 
character : the hours of greatest height are the same as the 
hours of least height in the other latitudes ; or the maxima 
are about four morning and evening, and the minima about 
nine or ten, showing that a compensation to a certain extent 
is made in the polar regions for the fluctuations in the tempe- 
rate and tropical regions. 

118. As we ascend in the air above the sea-level, or descend 
into the earth beneath it, we lind a change of temperature. 
In ascending, the air becomes colder, at the rate of one degree 
of the thermometer to about 352 feet of ascent ; the decrease of 
temperature being somewhat greater in high than in low lati- 
tudes, and not so much at great heights as near the eartVs 
surface. The causes of this are the distance from the solid 
earth, on whose surface the warmth cliiefly resides, and the 
diminution of the thickness of the atmospheric covering, 
which serves to retain heat upon bodies, by resisting the 
radiation from their surfaces. It is therefore always colder 
at mountain tops than on the low grounds. At a certain 
height over every place, water wull freeze, and if a mountain 
rise to this height, it will be covered with snow ; all clouds at 
such a height must consist, not of water, but of ice-particles. 
Thus if the temperature w'ere 62° at the sea-level, at the 
height of 6640 feet it would be 32“, or freezing. At 35'’ on 
the plains, a hill 1200 feet high would have its summit 
covered with snow. Mountains whose height is so great, that 
the temperature on their tops cannot rise above 32® Under the 
greatest summer heat, are covered with eternal snows ; and 
of course in winter the snow descends much farther down 
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their sides. The height over any place where water must be 
frozen at all seasons is called the S7ww4incy the altitude of 
which is greatest at the equator, and diminishes as the lati- 
tude increases. At a certain high polar latitude it reaches 
the mean sea-level ; that is to say, the ground at that level is 
eternally clad with snow.* 

119. Under circumstances that favour the radiation of heat 
from the earth, the temperature of the air increases with the 
height for a short way, owing to the earth cooling the faster 
of the two. Thus it sometimes happens, immediately after 
sunset, that the air is warmer as we ascend, up to the height 
of about 100 or 110 feet, but never more. This is of course a 
very trifling exception to the great principle stated in the 
preceding paragraph. 

120. When we descend into the depths of the earth, by 
digging wells, or mines, we lind also a variation of the tem- 
perature. The influence of the sun is extinct about 100 feet 
below the surface ; the diflerence between the day and night 
temperatures disappears at the depth of four feet ; and the 
influence of summer and winter vanishes at about sixty or 
seventy feet, at which dei>th the temperature always stands 
about the average temperature of the climate ; hence the tem- 
perature of spring water proceeding from this stratum may 
be taken as the mean temperature of the place. At depths 
less than sixty feet, the ground is somewhat warmer in winter 
than in summer, but at greater depths the temperature is 
always the same. This depth, where the influence of season 
ceases to be felt, is called the invariable stratum. Beneath it 
the temperature increases gradually as we descend, showing 
that the earth has a wai’mth of its own independent of the sun, 
or what is called its central heat. 

121. According to some observations upon the increase of the 
central heat, it appears that for every 69 feet of descent, the 
temperature rises one degree (others make the increase more 
rapid) ; so that if the temperature of the invariable stratum, 
or mean temperature of the place, were 62°, a depth of 10,000 

* The snow-line is found at various heights, according to latitude, 
proximity to the sea, and other causes, which affect the general climate 
of the region. In the Himalayah and Andes, it is found at an elevation 
of about 17,000 feet; in the Swiss Alps, at 8500 feet; and in the Scan* 
dinavian range, at 3500 feet. Generally, in those countries which are 
near the equator, the snow-line is found about 1 6,000 feet, or tliree 
miles above the sea-level : about the 45th parallel in either hemisphere, 
it occurs at an elevation of 9000 feet; under 60° of latitude, at 5000 
feet or thereby; under 70® latitude, at 1000 feet; and under 80% the 
snow-line comes down to the mean sea-level ; for countries which are 
10® distant from the poles are covered with snow all the year round. 
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feet would ffive the temperature of boiling' water, which would 
show how far down the water lies which comes up in boiling 
springs; at 60,000 feet, lead would be melted; and ai 20 miles, 
cast-iron would be liquid. We have no means of knowing 
if the heat increases steadily in this manner to the centre ; 
but it is highly improbable that it should do so. We see, 
however, that volcanoes can be fed with burning matter, if 
their craters are connected with a stratum sufficiently deep 
to have the required temperature. 

LA.WS OF WEATHER. 

Characforistics of Winds— Whirlwindb— Hurricanes— Rains— Storms. 

122. By the laws of weather is understood the fixed rela- 
tions that have been discovered between the various circum- 
stances of temperature, vapour, pressure, wind, rain, &c. ; or 
all those cases where some peculiar kind or state of one of these 
things has been always observed to accompany a particular 
state of some other. Where such laws, rules, 'or fixed rela- 
tions have been ascertained, we can infer one of the things 
from the presence of its invariable accompaniment, and can 
thereby often predict heat or cold, storm or calm, rain or 
dryness, before they actually ha])pen. 

123. We shall consider, first, the various kinds of vnnds, and 
their laws of connection with temperature, vapour, and pres- 
sure. We have already seen the nature of the great equatorial 
and polar currents, which take the lead of all other winds. The 
lower current towards the equator, by coming from a colder 
to a warmer region, is apt to be comparatively cool and dry ; 
while the upper current must be very moist and warm. This 
great characteristic difference between these two currents is 
found all over the earth. It is a general rule in our hemi- 
sphere, that north-east winds are cold and dry, and south-west 
winds warm and moist. There are exceptions to this prin- 
ciple produced by the irregularities of land and sea climates, 
but it is true in the great majority of instances. 

124. The trade-winds have their direction and character 

somewhat changed near the western coasts of great conti- 
nents, by the action of the sea and land-breezes which ai’e 
there produced. They are rendered drier by blowing over 
continents than when passing over seas. On the great ocean, 
their amount of moisture must always be great, and it has 
been noted by seamen that a slight diminution of this gives 
them fresher character to the feeling. ^ 

125. The desert winds, as already noticed, are excessively 
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dry. The harmattan may be supposed to have, with a tem- 
perature of 90% the dew-point as low as 32% which would 
leave a dryness or vacancy amounting at about an inch of the 
barometer. The sirocco of Italy is a dry desert wind. The 
fine sand or dust suspended in these winds is likewise very 
injurious to the human system. 

126. The upper west winds begin to be felt on the earth at 
about 30'" of latitude, and they give a westerly character to 
the breezes between 30° and 40°, and in a less degree to the 
breezes of still higher latitudes. But their action is most 
furious and stormy immediately beyond the border of the 
trades, as at Madeira in the northern hemisphere, and at the 
Cape of Good Hope in the southern. Direct proofs have been 
furnished of the westerly character of the upper currents in 
places where the easterly trades prevail below. At the sum- 
mit of the Peak of Teneriffe, almost all travellers have found 
west winds, while the regular trade (which is easterly) was 
prevailing at the level of the sea. The ashes of the volcano 
of St Vincent on one occasion were carried from west to east, 
to the astonishment of the inhabitants of Barbadoes, who 
were experiencing at the time the easterly wind. The regular 
character of the westerly winds beyond the trades is nearly 
as much depended on by navigators as the steadiness of the 
trades themselves. But their regularity is not so great in 
the northern as in the southern hemisphere. 

127. The meeting of the upper and under currents in the 
course of the descent of the upper to the earth is often pro- 
ductive of huge eddies, whirlpools, or whirlwinds, which move 
to great distances, and sometimes reach the earth, and play 
frightful havoc. The whirl or rotation which they have ac- 
quired causes a far higher rapidity of motion than ever occurs 
in a merely progressive wind. The phenomenon is similar to 
that which nappens in streams of water meeting another; 
eddies are produced, and sometimes move along the stream 
for a considerable way. Violent winds or hurricanes also 
arise very frequently in mountain regions, where the cur- 
rents of air are obstructed, and made to meet one another in 
defiles and corners. Just as water dashing through rocks 
acquires an irregular violence, so the interruptions and meet- 
ings of winds in the mountains generates hurricanes of 
tremendous power. In the Swiss Alps these are frequently 
experienced, as well as in the Andes in America. The irre- 
gular actions of mountains and sea and land often cause 
more thai^ two different currents to exist in the air at the 
same time, at different heights, which may be determined by 
the motions of the clouds. 
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128. Besides the peculiarities of temperature and dryness, 
the two ^eat primary currents of the ^lobe are often dis- 
tinguished by different mechanical characters, or differences 
in the manner of their motion. The lower or north-east 
current originates below, and sweeps close over the land the 
whole of its course ; it is a raking wind,* When, as in the 
case of our north-east winds, it is brought over a wide extent 
of cold and marshy ground, it is apt to bring with it un- 
healthy effluvia and damp from the soil, which render it 
disagreeable and noxious. The north-east winds of this 
country originate in the north of Europe, and become tainted 
by the low "swamps of the Russian continent. These winds 
have also a very slow and steady current ; their motion is 
often so slight and invariable, that they are scarcely felt ; and 
their action on the human system is insidious and unsus- 

E ected. The west winds, on the contrary, descend from the 
igher regions, and have far less contact with the ground ; 
hence they are much purer and more wholesome. They are, 
besides, fitful and gu^ty, from tumbling through other air, 
especially at the places where they first descend. We may 
often observe, in a day when a westerly wind prevails, that the 
streaming smoke of a steamer is every now and then violently 
blown downwards, as if by a gust from above. The days 
when the wind seems to change its direction eveiy few mi- 
nutes, rendering it impossible to know which way to hold 
an umbrella, are distinguished by westerly winds, which are 
fed by the descent of the great upper current. 

129. The conflict of the north-east and the south-west cur- 


* Every gradation exists in the speed of winds, from the gentlest 
zephyr to the most violent hurricane. They have been classed by 
Smeaton, according to their rapidity and force, as follows : — 


Velocity. 
Miles per Hour. 


Force on 1 square foot, 
in lbs. Avoirdupois. 


Appellation. 


1 

•005 

4 

•079 

5 1 

•123 

10 

•492 

15 

M07 

20 

1-9G8 

25 

3075 

30 

4-429 

35 

6027 

40 

7'873 

50 

12*300 

60 

17715 

30 

31*490 

100 

49*200 


Hardly perceptible. 
Gentle breeze. 

I Pleasant brisk gale. 
I Very brisk. 

J- High wind. 

Very high. 

Storm. 

Great Stormt 
Hurricane. 

Violent hurricane. 
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rents, when they are both at the level of the ground, will 
produce a great varietr of intermediate winds. A German 
philosopher, M. Dove, nas attempted to show that the winds 
succeed one another more frequently in one coui‘se than in 
the opposite. In the northern hemisphere, the changes are 
most usually from south, by west, north, east, to south again, 
or what is called a right-handed direction ; while in the other 
hemisphere they most frequently move fTOm south, through 
east, north, west, to south, or by a left-handed direction. 
Hurricanes in the two hemispheres are said to sweep in oppo- 
site directions, and to rotate as indicated by the concentric 
circles and arrows in the accompanying diagram : — 




130. The following paragraph from MuIler^s Physics ex- 
presses M. Dove’s views : — When the eoath~west wind, con- 
stantly increasing in force, at length predominates, it raises 
the teraperatui’e above the freezing-point, and the snow is 
consequently converted into rain, whilst the barometer falls 
to the lowest mark. The wind then veers round to the we^t^ 
and the dense flakes of snow indicate the accession of a colder 
wind, no less than the rapid rise of the barometer, the motion 
of the weathercock, and the thermometer. A north wind clears 
the heavens, and a north-east wind effects a maximum of cold 
and of the barometer. This, however, is gradually lowered, 
and the occurrence of fine cirri indicate, by the direction from 
which they have come, the advent of a more southern wind, 
which is soon felt by the barometer, although the weathercock 
may not have experienced any change, and may still be point- 
ing due east. The southern wind, however, continues to drive 
the eastern current downward ; and on a decided falling of the 
mercuiT, the weatherpock points south-east^ when the heavens 
again oecome gradually overcast ; and with the increase of 
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heat, the snow which had fallen with a south-east and a south 
wind is again converted into rain by the south-west wind. 
The same then begins again, the change from the east to the 
west course being generally characterised by the occurrence 
of a short interval of fine weather.” 

181. With regard to the temperature of winds, it is found 
that, on the whole, the north-north-east is the coldest and the 
south-south-west the hottest. In summer, the north-north- 
west is sometimes the coldest, and the south-east the hottest. 
The rule, however, varies in different places. In London, the 
north wind appears to be the coldest. 

132. The winds between north and east have generally the 
smallest amount of vapour. At the same time, from their 
being the coldest, their actual dryness, or the difference be- 
tween their temperature and the dew-point, is often less than 
in other winds. The south winds have both the greatest 
amount of vapour and the greatest vacancy or dryness. The 
cirro-cumuli clouds are indications of the south wind, and 
foretel heat ; as they show that, although the wind be warm, 
it does not bring so much vapour as to doud the heavens, and 
lead to a precipitation. The cirri, or feather-clouds, in sum- 
mer, announce rain, and in winter frost or thaw. They are 
generally carried by south or south-west winds ; and though 
these may be only in the upper regions at first, they soon 
come to be felt at the surface. 

133. The pressure of the air, or the height of the barometer, 
varies during the different winds. The barometer generally 
falls during east, south-east, and south winds ; passes from 
falling to rising during south-west ; rises with west, north- 
west, and north winds ; and has its greatest rise with north- 
east winds. The rise of the barometer with a north-east wind is 
very commonly remarked. The mercurial column is usually 
at its lowest between south and south-west. 

134. A connection has been discovered between the height 
of the barometer and the force of the wind in the course of 
the daily barometric fluctuation. The mean velocity of the 
wind is found to be greatest at the period of the afternoon 
minimum of pressure. 

135. The laws that relate the amount of vapour to season 
temperature and pressure are also of great importance, as well 
as the relations of the wind to these. The daily maximum 
both of vapour and of d^ness, is in the afternoon between 
four and five, and the minimum of both takes place early in 
the morning. With respect to the year, the maxima and 
minima are, the one in July, the other in January. Near the 
sea-level the quantity of vapour in the different seasons fol- 
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lows the course of the mean temperature. It often happens 
that, during the daytime, clouds are abundantly formed in 
the sky, and disappear after sunset. This is owing to the 
copious supply of evaporation during the heat of the day, and 
the cessation of it at night; in these cases a clear morning 
often passes into a cloudy day, owing to the influence of the 
sun in recommencing the evaporation that had been pre- 
viously suspended. 

136. It is a general law, or invariable connection, between 
the amount of vapour and the pressure of the atmosphere or 
the height of the barometer, that they change in opposite 
directions. In summer, when the quantity of vapour is 
greatest, the pressure of the air is least ; and in the winter 
time, the vapour being least, the weight of the air is greatest. 
Even in the daily fluctuations of these two quantities this 
opposition is perceivable. 

137. The fdl of rain will depend upon the quantity of mois- 
ture usually present in the atmosphere, upon the nearness of 
the air to saturation, or of the dew-point to the air tempera- 
ture, and on the fluctuations or sudden falls of temperature 
that take place. In hot countries, where the total vapour of 
the air is greatest, the amount of rain discharged in the course 
of a year, and in single showers, is greatest. On the sea-coasts, 
and in places visited by moist winds, in which the approach 
to saturation is highest, the falls of rain will be most frequent, 
and there will be a greater degree of cloudiness prevalent in 
the sky. In the interior of continents, where the dryness is 
great, or the dew-point generally much lower than the tem- 
perature, rain will be less frequent, and the sky will be more 
transparent. In England and the west of France there are, 
on an average, 152 rainy days in the year, in the interior of 
France 147, in the plains of Germany 141, and in the in- 
terior of Siberia only 60. In many parts of Africa rain never 
falls ; in Upper Egypt it is very rarely known. On the west 
coast of Britain it rains much more frequently than on the 
east; the reason being, that the westerly winds (from the 
Atlantic) are moist winas, and give forth the greatest quantity 
of moisture on the land upon which they first strike. When 
the air is subject to sudden falls of temperature, it must also 
give forth a great quantity of rain. 

138. A soil moist and hot, such as the coasts of England, 
which are washed by a warm sea, will, when the air is cold, 
as at night and in winter, jit\difogs. Swampy and undrained 
land likewi^ must of necessity cause fogs. 

139. When the visible vapour from a hot spring, a boihng 
caldron, or a steam-engine, extends in a long train, it is a 
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ai^n that the air ia nearly saturated with moisture, and that 
ram may be expected. If the appearance occurs about two or 
three o^clock in the afternoon, it may be reckoned as certain 
that there will be rain, mists, or dews at nightfall. 

140. In extreme frosts there can never be great falls of 
snow, the whole of the moisture contained in the air being 
too small to afford a copious precipitation. 

141. In predicting weather by consulting instruments, it 

would be necessary to use the hygrometer along with the 
barometer and the thermometer. There are many exceptions 
to the common expectation, that a high barometer indicates 
line weather, and a low barometer the contrary. But even the 
barometer alone would be more certain if the following points 
were attended to — namely, in the /r At place, the actual height 
of the mercury; secondly, whether it is rising or falling; 
thirdly, the rate of rise and fall ; and fourthly, whether the 
rise or fall has been of long duration. A slow rise, continued 
for some days, gives promise of settled weather : a steady 
and long -continued fall indicates that a tract oi unsettled 
and stormy weather may be expected. There are also certain 
hours of the day which oug“ht to be preferred for making* the 
observations. For three observations daily, the proper times 
are — nine a.m. (a maximum height), twelve noon (a mean 
height), and three p.m. (a minimum height) ; when con- 
venient, a fourth should be added — namely, three a.m. For 
two observations daily, nine o^clock morning and evening are 
the best hours ; for one daily, noon is preferable. These are 
the hours best suited for taking observations which are to 
be kept on record, and also for consulting the instrument to 
prognosticate the weather. If the column rise between nine 
A.M. and three p.m., it indicates fine weather; if it fall 
from three p.m. to nine p.m., rain may be expected. These 
rises and falls are contrary to its regular daily course, and 
therefore indicate considerable changes in the pressure of 
the air. '' 

142. A sudden and great fall of the barometer is the sure 
forerunner of a violent storm. It shows that a great displace- 
ment or vacancy has occurred in the air over the place, and 
that a great inward rush will occur to make it good. A 
sudden rise would indicate an accumulation of air, which 
would cause an outflow in all directions, and would be also 
felt as a storm somewhere. A slow rise or fall shows that 
the influence comes from a great distance, or is owing to a 
permanent cause : hence, whatever the conseouence may be, 
it will probably last for some time. A hign Barometer ia 
a security against vehement influxes of air on any side, 
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and therefore against the carrying in of moisture ; hence it 
prognosticates oiy and clear weather. 

143. The hygrometer is very valuable in predicting weather ; 
for as the quantity of vapour in the air increases or declines, 
so does ^e probability of the occurrence of rain. A sudden 
change in the dew-point is generally accompanied by a change 
of wind, and precedes it by a short interval, although the 
change of wind is commonly the cause, and the hygrometric 
change the effect. 

144. The hours ali*eady stated for the observation of the 
barometer are also well adapted for the hygrometer, with the 
view either of keeping a register, or of ascertaining the course 
of the weather. The average pressure of the vapour for the 
day should be calculated by taking a mean between the dew- 
point at thi’ee v. m. and tne lowest temperatui*e of the shel- 
tered thermometer at night. 

145. By examining the barometer along with the hygro- 
meter, the prediction of weather is made much more certain. 
A fall of the barometer, accompanied with a rise in the dew- 
point, is an infallible indication that the entire mass of the 
air is becoming imbued with moisture ; and a copious fall of 
rain may be looked for. If the fall of the barometer take 
place when the dew-point is low, we may conclude that the 
expansion that has occasioned the fall has taken place at a 
distant point, and wind without rain will be the result. 
When the temperature of the air sinks to the dew-point, with 
a high barometer, the effect is probably transitory, ana pro- 
duced by a local depression of temperature. 


CLIMATES. 

Isothennal Linoa — Zones of Distinct Vegetation — lasalar and Continental 
Climatology— Climate of London. 

146. The climate of a place depends on its distance from 
the equator, its height aoove the sea- level, its position in 
reference to oceans, seas, and continents, the form of its sur- 
face, and the character of its soil. The points to be stated in 
reference to climate are, the mean temperature, the extreme 
winter and summer temperatures, the,' range of temperature 
daily, and from day to day, the humidity, the total fall of 
rain, the frequency of the falls, the relation of the amount 
fallen to the ordinary amount of vapour in the air, the pre- 
vailing wi*ls, and tne degree of variability of the weather. 
In general, the southern nemisphere of the globe is colder 
than the northern. 
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147. Humboldt divided each of the two hemispheres into 
seven belts or zones of climate, by supposing* lines to be 
drawn round and round the globe, somewhat like parallels 
of latitude, each line running through all places whose mean 
temperature is the same. Tnese are called isothermal lines; 
and as vegetation depends on warmth, they serve to dis- 
tinguish the zones of distinct vegetation 

148. Next the equator is the equatorial zone, or the spice 
climate, bounded by the line passing through places of 78'’ of 
mean temperature, which line lies nearly at 20° of latitude. 
The finest spices and the hardest woods thrive in this region* 
The second zone is the tropical climate, and is bounded by the 
line of 68°, and includes the climate of the sugar-cane and 
coffee-tree. In North America it is 31° from the equator ; in 
Europe, the Mediterranean, Asia Minor, and Syria, it extends 
to 37° latitude ; in Persia to 31°. Here all the species of the 
palm-tree are in great perfection; the orange, lemon, and 
citron are of the most delicious flavour ; and Indian corn, rice, 
cotton, tobacco, indigo, dye woods, and drugs, are also among 
the productions. The third or warm climate extends to the 
line of 59°, the boundary of the olive and fig. In America it 
extends to latitude 36° ; in Europe to latitude 44° ; in the 
west of Asia it extends to 40° ; and in the central high regions 
to 85°. This zone yields the olive, fig, almonds, peaches, 
apricots, the mulberry for feeding the silkworm, tne vine, 
yielding the choicest wines, the cork-tree, drugs, barilla, 
dried fruits, &c. The fourth or temperate climate coincides 
with the line of 50°, mean temperature, and is the limit of the 
wine-grape. In the middle oi Europe it extends to latitude 
50°, on the coast to 52° ; in England and Ireland to 63° ; in 
America, on the east coast, to 43°, and on the western coast to 
about 60° ; and in Asia it is as low as 40° latitude. It is the 
climate of grain, of the oak, beech, maple, and other valuable 
timbers; also of plums, cherries, apples, and pears. The 
fifth or cold climate terminates at the line of 41° of tempera- 
ture, which is the northern boundary of the oak and of wheat : 
it yields the pine and fir, oats, barley, rye, apples, pears, nuts, 
gooseberries, and strawberries. The sixth or frozen climate 
18 bounded % the line of 32°, or freezing : it extends in Lap- 

* Places which have the same mean annual temperature vary consi- 
derably in their mean summer and winter temperature; hence isochi^ 
mened lines, or lines of equal winter temperature, and isotheral lines, or 
those which show equal summer over points upon different isothermal 
curves. Another set of lines or carves, called isogeoth&hnal, connect 
those places where the temperature of the soil is equal at or beneath 
the surface. 
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land to 66° latitude ; and to Table Bay, Labrador, at 54°. It 
contains little vegetation ; its chief productions are animal 
products, such as whalebone, train-oil, and furs. Beyond 
this is the seventh or polar climate, which extends to the 
r^ion of peraetual snows, where all vegetation ends: it 
yields only a few stunted shrubs, lichens, and mosses. 

149. In ascending a mountain, we find a gradual diminu- 
tion of temperature, analogous to the transition from the equa- 
tor to the poles; and the same succession in the classes of 
vegetable lire. On the sides of Teneriffe, Humboldt observed 
the vegetation of nearly all the climates of the world. In 
temperate latitudes, though the variety of vegetation be less, 
similar phenomena present themselves. “We may begin the 
ascent of the Alps, for instance, in the midst of warm vine- 
yards, and pass through a succession of oaks, sweet chestnuts, 
and beeches, till we gain the elevation of the more hardy 
pines and stunted birches, and tread on pastures fringed by 
borders of perpetual snow. At the elevation of 1950 feet the 
vine disappears ; and at 1000 feet higher the sweet chestnuts 
cease to thrive : 1000 feet farther, and the oak is unable to 
maintain itself ; the birch ceases to grow at an elevation of 
4680, and the spruce fir at the height of 5900 feet, beyond 
which no tree appears. The rhododendron ferrugineum then 
covers immense tracts to the height of 7800 feet, and the 
herbaceous willow creeps 200 or 300 feet higher, accompanied 
by a few saxifrages, gentians, and grasses, while lichens and 
mosses struggle up to the imperishable barrier of eternal 
snow.” 

150. But the mean temperature is not the only circum- 
stance which determines the vegetation of a place. The 
boundaiy of some plants depends on the lowest temperature 
of winter ; and the advantageous cultivation of most plants is 
ruled by the greatest summer heat, as. in the case of the vine, 
the olive, and maize or Indian corn. Barley is said to ripen 
wherever the mean temperature of 90 consecutive days rises 
to 48°. Hence, besides the lines of mean temperature drawn 
round the globe, it has been proposed to draw two other sets of 
linesr-one through all places whose summer heat is equal, and 
the other through places of equal winter cold. As a general 
rule, annual vegetables are insensible to the cold of winter, 
and depend on the summer temperature. 

151. Mean temperatures must be determined by the average 
of a great many observations of the thermometer, or from the 
temperature of springs proceeding from a certain depth, on 
the principles already explained in regard to the cessation of 
daily and yearly fluctuations at given depths. It is highly 
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improbabk, and in opposition to all evidence, that the mean 
temperature of any place on the ^lobe has been changed 
within the periods known to history. 

152. Between the tropics the year is divided into the wet 
and the dry seasons. The wet or rainy season is the summer, 
or the time of the sun’s most direct action ; in north latitudes 
it extends from April to October. In the dry season, in tropi- 
cal America, entire months pass away without a cloud being 
seen in the heavens ; the plains become desert, the grass is 
dried up, the earth cracks, the alligators and serpents lie 
buried in the mud. At the end of February, the blue of the 
sky becomes less intense, the humidity increases, the starry 
light is fainter, the breeze is weaker, and is sometimes inter-^ 
rupted by dead calms. At the end of March, gleams of light- 
ning appear in the south, and the direction of the wind passes 
to west and south-west, away from the regular course of the 
trades. This is the approach of the rainy season, which com- 
mences at the end of April The sky then becomes gray, the 
heat increases, and dense vapours are poured over the heavens ; 
frequent thunder-storms burst forth, and are followed by the 
rain torrents. In the west coast of India, the dry season is 
during the north-east monsoon ; and the rainy season is the 
other half of the year, or in the summer months, the rains 
being most abundant in J uly. 

1^. The division of the year into four seasons is known 
only in the temperate zones, or between 40° and 60° of lati- 
tude. In these climates the rains and winds are variable and 
uncertain as compared with the tropics. As we approach the 
polar seas, the irregularities of the wind increase; storms 
and calms alternate without warning ; and ships within the 
same visible circle may suffer every variety of wind and 
weather. 

164. Without the tropics, a fall of the barometer almost 
always precedes a period of rain, and indicates an acceleration 
or change of the aerial currents. The immediate cause of a 
fall in the mercury is an accumulation of aqueous vapour. 

165. The western coasts of continents beyond the tropics 
have a much higher temperature than the eastern coasts, 
arising from the heat evolved in the condensation of vapour 
from the prevailing westerly winds. 

156. Next to the distinction of climates into hot and co]d> 
is the difference between insular and continental situations. 
Insular climates are kept temperate by the sea ; they do not 
experience the extremes of heat and cold that are felt in the 
interior of continents. Thus if we compare Nova Zembla 
with Fort Franklin, which have nearly the same mean tem- 
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pei^ture, we shall find in the extremes of each the indication 
of its position : — 

Nova Zembla. Fort Franklin. 

Mean temperature, . . 16®* 17“*6 

Mean of tnree summer months, . 36 *5 SO *4 

winter ... . — 3 • — 17 *8 

Extreme heat, , . . 49 • 80 • 

... cold, ... — o3 ““58 

Range of heat and cold, . .102 138 

167. Both the vegetation and the feelings of human beings 
will be very different in these climates. The high summer 
heat of the one will favour the growth of many plants, and 
give a tone of warmth and cheerfulness ; the miserable cold 
mediocrity and monotony of the other will be bairen and 
disheartening. 

158. The British islands are situated so as to experience 
almost all the circumstances which can render a climate irre- 
gular. Standing nearly in the centre of the temperate zone, 
where the range of temperature is very great, they are sub- 
ject on one side to the impressions made on the atmosphere by 
the greatest continent of the world, and on the other side to 
the influences of the Atlantic Ocean. They are also within 
reach of the great fields of polar ice, which counteract the 
force of the summer sun, and present an additional evapo- 
rating surface to the air. 

159. On the average of ten years, the westerly winds are 
to the easterly, in Great Britain, as 225 to 140; and the 
northerly to the southerly as 192 to 173. Of east winds, the 
northerly exceed the southerly in the proportion of about 74 
to 64 5 thus the south-east, which is the most irregular point 
of all, has but a small proportion. The south-west are to the 
south-east as 104 to 54. The north wind ought to prevail 
throughout the year, as it does to a great extent in the south 
of Europe, especially in summer, under the denomination of 
the Etesian wind. But the condensation of vapour to the 
north and north-east causes perpetual diminutions of the 
aerial columns, and consequently determines frequent cur- 
rent# from south to north. 

160. Northerly winds almost invariably raise the barometer; 
southerly winds as constantly depress it. The southerly 
wind brmgs vapour, whose condensation leads to a fall of the 
mercurial column ; the northerly wind prevents and reduces 
the accumulation of vapour, and dissipates the heat that 
would expand the aerial column, and lead to an overflow 
and diminution of pressure. 

161. The most permanent rains come from the south. As 
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a general rule, rain must arise from one of two sources— 
namely, either from the vapour raised over the locality where 
it falls, or from the vapour brought from adjoining places. 
It requires some sudden cooling to convert the first kind into 
rain, out the other may yield a constant supply without any 
exti^aordinary cold. Moist and saturated winds passing into 
cold regions necessarily give out part of their vapour ; hence 
the southerly winds in the northern hemisphere will be the 
most frequent sources of rain. The south-west winds from 
the Atlantic pour forth a vast quantity of vapour every year 
upon the British islands. 

162. Within the boundaries of Great Britain there is a con- 
siderable variety of climate. The character of each place can 
be ascertained only by a long series of well-conducted instru- 
mental observations ; and few places have as yet received this 
degree of attention. Hitherto London has been the place 
most carefully observed, and the general character of its 
climate has been described by Howard and Daniell. In a few 
years it will come to be still more completely ascertained by 
means of the meteorological observations which have recently 
been commenced at the Greenwich Observatory, as well as 
from those at the Kew Observatory, which are in addition to 
the long-continued series of observations made by the Royal 
Society of London. 

163. The mean pressure of the air at London, as deduced 
from twenty years* observations by Mr Howard, is 29*8655, 
or very nearly 29 inches. The mean temperature derived 
from the daily extremes is 49 r. The mean dew-point is 
44i®, giving a mean dryness of 5®, which for these numbers 
corresponds to a vacancy or dryness of *058^ or nearly ^‘^th 
of an inch. The average quantity of rain is 22*199 inches 
annually, and the amount of evaporation is calculated at 
23*974 inches — that is, considerably greater than the entire 
amount received by precipitation. 

164. The range of the barometer is from 30*82 inches to 
28*12 inches ; the maximum temperature of the air is 90° ; 
the minimum 11° ; the range of the dew-point is from 70° to 
11°. The highest temperature of the sun’s rays is 154°,nnd 
the lowest temperature on the surface of the earth 6°. Tne 
greatest interval between the temperature and the dew-point 
IS 29°. The average daily course of the dew-point is as fol- 
lows : — From morning to afternoon it rises 0 3 of a degree, and 
from afternoon to nignt it falls 0*9 of a degree, the minimum 
temperature being still lower W about 2*7 degrees. « The me- 
dium dew-point temperature of 444° is made up of the follow- 
ing proportions of the means from eight points of the wind;— 
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87 North, . . W”-! 183 North-east, . 4o4 

80 East, . 42*3 111 South-east, . . 4,5*6 

70 South, * . 48 *7 225 South-west, , 48 *6 

216 West, . 44 *8 174 North-west, . . 41 '3 

165. Of these winds, one class — namely, the north-east, 
east, and south-east — are land-winds, and blow over from the 
^reat continent of Europe ; the other class are sea-winds, blow- 
ing from the great surrounding oceans : they are the north, 
north-west, west, south-west, and south. Except in April 
and May, the dew-point of the sea-winds is higher than the 
dew-point of the land-winds. The exception in these two 
months arises from the slowness of the great seas in attaining 
to their summer heat. The dew-point of the sea-winds does 
not descend so low in winter as that from the land-winds, 
and its rise is much less rapid during spring than in the 
case of the land-winds. 

166. The meteorological elements for London are given by 
the late Professor Daniell as follows : — 

167. In January the mean temperature is 36*1°, varying 
from 30*6°, the mean highest, to 32*6°, the mean lowest ; the 
greatest extremes are 62° and 11°. The mean dew-point is 
34*3°, and the mean dryness 1*8°, which at this temperature 
is *015 of an inch of the barometer. The average greatest 
daily diyness is 3*5°. The height of the barometer is 29*921, 
and its mean range 1*6 inches. The quantity of rain is 1*483 
inches, and of evaporation 0*413 inch. 

168. In February the mean temperature is 38°, the average 
maximum 42*4°, and the minimum 33*7" ; the extreme range 
is from 63° to 21°. The dew-point is 34*9° j hence the mean 
dryness is 3*1° — a considerable advance on January. The 
average greatest dryness is 6*1°. Barometer 30*007 inches, 
and its range 1*36 in. The fall of rain is at its minimum, 
being 0*746 in. ; evaporation 0*733 inch. 

169. In March the mean temperature advances to 43*9°, 
and the dew-point to 39°, making the dryness 4*9°. The 
average greatest heat of the day is 50*1°, tne minimum 37°; 
the T^ofe range of temperature is from 66° to 24°. The 
average greatest dryness is 9*6°. Barometer 29*843, and its 
l^nge 1*26 inches. Rain 1*44, and evaporation 1*488 inches. 

170. In April the mean temperature rises 6 degrees, or is 
49*9°, and the dew-point is 43*0°, making the dryness 6*4°. 
The mean maximum dryness is 12*8°. The temperature of 
the air ranges from 74° to 29°. The mean height of the baro- 
meter is^9*881 inches ; its average range Ml in. The quan- 
tity of rain is 1*786 in., and of evaporation 2*290 in. 

*171. In May the temperature continues to outstrip the 
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aavance of the vapour, and the atmosphere attains nearly its 
greatest dryness. The mean temperature is 64'’, the mean 
aew-point 46*1°. The mean of the maximum temperatures is 
62*9°, of the minimum 45*1'’; the greatest range of the ther- 
mometer is from 70'’ to 33°. The barometer is 29*898, its 
range 1*09 in. Rain 1*853, and ev^oration 3*286 inches. 

172. In June the average heat of the air is 58*7°, the dew- 
point 50*7°. The maximum temperature averages 69*4°, the 
minimum 48*1° j the range 90° to 37°. Mean barometric 
pressure 30*020 inches, the mean variation 0*64. Rain 1*830, 
evaporation 3*760 inches. 

173. In July the mean temperature of the air is 61°, of the 
dew-point 54*6°. The mean maximum temperature is 69*2°, 
the minimum 6*2*2°; the gi^eatest range is from 76° to 42°. 
Barometer 20*874 in., range 0*79. Rain 2*516 in., the greatest 
monthly amount in the year; evaporation 3*293 in. 

174. In August there is very little difference from July. 

175. In September the reduction of temperature begins to 
be sensibly felt. The mean temperature is 67*8°, the mean 
dew-point 62*3°, The barometer is 29*931 in., and its mean 
range 0*88. Rain 2*193, and evaporation 2*6*20 inches. 

176. In October the mean temperature is 48*9°, the maxi- 
mum and minimum averaging 55*7° and 42*1°; the dew- 
point is 44*8°. Rain 2*073 inches, evaporation 1*488 in. 

177. In November the air is nearly saturated with mois- 
ture ; the air is 42*9°, the dew-point 40*5°. The rain is 2*400 
inches, the evaporation only 0*77 inch. The mean highest 
temperature of the days is 47*5°, the mean lowest 38*3° ; the 
utmost range is from 62° to 23°. Barometer 29*776 inches, 
and its range 0*92. 

178. In fiecember the mean temperature is about 8° lower, 
but the general character of the month is the same as that 
of November. 

ELECTRICITY OF THE ATMOSPHERE. 

Thunder and Lightning— Aurora Borealis. 

179. Under Electricity (pars. 102-112), we have Jyid 
occasion to speak of the electrical character of the atmo- 
sphere, which is at present but imperfectly understood. The 
cnarging of the atmosphere with electricity may arise from 
various causes, and it is known to he most intense in warm 
climates. The discharges of the excitement are well known 
under the terms thunder and lightning, and they generally 
accompany storms, hurricanes, and tempests ; but they are 
rather the effects than the causes of these. The mixing and 
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meeting of opposite currente, which leads to wind and rain 
storms, also produces electric discharges when the difiei’ent 
currents or strata happen to be in opposite states. It is sup- 
posed that the atmosphere is not of one uniform electrical state 
through its entire height, but changes from the one excitement 
to the other, so as to be a succession of positive and negative 
strata. Hence the descents of masses of air from one stratum 
to another will often cause discharges ; and the natural ascent 
of the air by the sun's heat will charge some, and discharge 
others. Such a state of things makes the whole of the elec- 
trical phenomena of the air exceedingly complicated. 

180. The aurora borealis^ so startling as a meteoric pheno- 
menon, has been supposed to be an instance of faint lightning 
dischpged far in tne upper air, where the rarity is so great 
that it mav flash over vast spaces, as we see in an exhausted 
receiver, ^he coincidences between the aurora and distrac- 
tions of the magnetic needle, render it likely, however, that it 
is some manifestation of magnetic, rather than of electric 
storms. This view is confirmed by the north and south direc- 
tion of the streamers ; but it must be added that the real 
nature of the aurora is still unknown.’*' 


LUMINOUS METEORS. 

Twilight— Rainbows— Haloft— Parhelia— Coron®, &c. 

181. The various luminous appearances of the heavens, 
apart from the ordinary phenomena of sun, moon, and star 
light, are usually treated of under Meteorology. 

♦ The following are given by Brocklesby as the principal hypotheses 
which have been started to account for the aurora ; — Canton supposes 
it to be caused by the passage of electricity from posittve to negaiive 
clouds in the upper and rarefied regions of tlie atmosphere. He adduces 
in support of this view the fact, that when the air within a long glass 
tube w rarefied, and electricity passed through it, the whole tube is 
illumined by flashes of Lights traversing its entire length. Beocaria 
supposes that there is a constant circulation of the electric fluid from 
north to south, and that the aurora is seen whenever the electric 
current passes nearer than usual to the earth, or the state of the atmO' 
sphire is such as to render it luminous. Faraday has demonstrated 
•■fnSt the electricity of the earth necessarily tends from the equator 
ioum-ds the poles ; and has suggested that the aurora may possibly arise 
from an upwa/rd current in the atmosphere, flowing back from the poles 
towards the equator^ Kaemtz coiyectures that since a spark is per- 
ceived every time an electric current is broken, the northern lights 
may perhaps be caused by a rupture in the magnetic equilibrium of 
the globe.# At the same time, however, he utterly disclaims the idea 
(rf acooiiiiJting for all the circumstances of this wonderful phenomenon 
in our present imp^eot state of knowledge. 
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182. If there were no atmosphere, the heavens would be 
intensely black at all times, and the heavenly bodies would be 
brilliant lights set in the deepest shadow. The air, however, 
diffuses and reflects the sun’s light, so that a portion of it is 
received from every part of the sky, causing a general illu- 
mination of the entire vault of heaven. This reflected light 
ought to be always of a whitish character, like the light of 
the sun itself made very much fainter, feut we find that 
the sky, when clear, has a strong blue tinge, which deepens 
into black as we ascend to great heights. The blueness arises 
from the peculiar action of the atmosphere upon light. If 
any white oeam pass through a great thickness of air, the red 
will be transmitted most readily, and the blue resisted and 
reflected ; hence the reflected rays of the sun’s light have a 
bluish tinge instead of being pure white. The reddish cha- 
racter of light transmitted very obliqj^uely through a great 
thickness of atmosphere, is exemplified in the ruddy illumi- 
nation of the sky and the clouds at sunset. 

183. Twilight is an effect of the refraction of light by the 
air, so as to make a portion reach the earth by an oblique course 
after the sun falls beneath the horizon. It continues till the 
sun has descended 18% or for nearly two hours after sunset in 
this country. The illumination of the night, which continues 
after twilight, arises from the total reflection of some of the 
sun’s rays in the atmosphere, which enables them to reach 
the earth after a still greater amount of bending. 

184. On the opposite side of the sky from the setting sun, 
there is often a display of colour, consisting of blue and red 
bands ; the blue being the lowest, and the red above it. The 
red arises from a continuation of the rays which tinge the sky 
in the neighbourhood of the sun in the west ; the blue are 
the rays totally reflected within the atmosphere by passing 
from the denser strata to the rarer. 

185. The rainbow^ as described in Optics, is owing to a 
complicated reflection and decomposition of the rays of the 
sun in passing through drops of rain. It appears when 
the sun is unclouded, and rain is falling in the opposite 
quarter of the heavens. When a ray of light enters a drop 
of water, it is decomposed as it enters into the prismStiw 
colours; the rays, on reaching the other side of the drop, 
are partly transmitted and partly reflected and thrown out 
at the same side as that at which they entered, and they 
emerge in the decomposed or coloured state. A great many 
rows of drops, all sending out coloured rays on this jrinciple, 
have their rays arranged in a fixed order, and tnese join 
together, so that all of one colour appear in one band ; and 
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the other colours unite, each in its separate band producing 
the rainbow as we see it. In the brightest or primary rain^ 
how, the violet strip is within or lowest, the red highest. 
The violet rays suffer the greatest bending in the course of 
the two refractions, and are on that account thrown to the 
lowest position. When a second rainbow appears, it is above 
or without the first, and is called the secondary rainbow ; it 
is the fainter of the two. Its rays are such as have not 
passed out of the drop after one reflection, but have been 
reflected a second time, and then transmitted. The loss 
incurred in these two reflections is the cause of the greater 
faintness.— (See Reflection in Optics.) 

186. It is a mistake to suppose that the reflection of rays 
within a spherical drop of water, is on the principle of the total 
reflection of light on its passing from a dense medium to a rare 
at a particular angle. If such a reflection were to take place 
once within the drop, it would take place for ever ; the ray 
could not emerge at all, unless the drops were of some other 
figure than spherical. If the angle were such as to cause 
total reflection in one case, it woiUd still be the same when 
the ray reached the other side after reflection, and it must 
therefore be reflected again ; and so on for ever. But in addi- 
tion to this kind of reflection, there is a reflection which takes 
place, at the surfaces of all media, of a certain portion of the 
rays that fall upon them, as we see in water or glass ; and 
moreover if we suppose the drops flattened by their fall instead 
of being round, the total reflection can then take place. 

187. Halos are coloured rings, which surround the sun at 
considerable distances from his body. Two of them may be 
seen at once, the one about double the distance of the other ; 
and sometimes a third, at twdce the distance of the second, 
and about 90", or a quarter of a circle from the sun. The 
smaller circles are generally coloured, the red being inner- 
most. They are supposed to arise from the action of the icy 
particles in the upper air upon the rays of light. These 
particles naturally aggregate mto needles or prisms of three 
or six sides, and the refraction of the light through them 
would account for the colours of the rings, and for the dis- 
tar at which they stand from the sun. Parhelia, or mock- 
‘suns, and paraselenes, or mock-moons, are supposed to be 
owing to refraction ^rom the same icy particles. Phenomena 
of this kind have beln arranged into four classes : — 1^ Circles 
surrounding the orb which occupies their centre ; 2d, Circles 
passing through the orb ; 3d, Arcs of circles touching those 
of the firs<rf class ; and 4,th, Parhelia and paraselenae found at 
the points where the circles cross each other. 
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188. The accompai^inff figure represents a halo around 
the sun, observed by Schemer in 1630. S is the sun, AB.C 
a circle about 45® in diameter, 
and DEF another circle, whose 
diameter is nearly 95® 20' — the 
sun being in their common centre. 
Both the circles were coloured 
like the primary rainbow, but the 
red was next the sun, the other 
colours succeeding in the natural 
order. D S F is a third whitish 
circle passing through the centre 
of the sun, and H E G a portion 
of a fourth circle touching D E F 
at E. At A, C, D, and F, were 
nnock-suns ; the same phenomena 
were observed at B and E. The 
mock-suns A and C were of a 
purplish red next to the sun, while D and F were entirely 
white ; the former were also brilliant, continuing visible for 
three hours together, while the light of the latter was faint 
and fluctuating. The mock-suns B and E were almost the 
first to appear, and the last to fade, and throughout the whole 
phenomenon, which lasted five hours, they were perpetually 
changing: in magnitude and colour, B was formed in a peculiar 
manner : the halo, ABC, was 
composed of several intersecting 
circles, and at one of these inter- 
sections the mock-sun B appeared. 

189. In the annexed figure, a 
representation is given of a lunar 
halo seen by Hevelius at Dantzic, 
at one o^clock on the morning of 
the 30th March 1660. When first 
perceived, the moon, M, was sur- 
rounded by a complete whitish 
circle, ABC, 45” in diameter, 
while at A and C were mock- 
suns, displaying various colours^ and shooting out at 
vals very long streams of whitish light. At two o^cIock, the 
larger circle, DEF, was seen reaching '^own to the horizon, 
having a diameter of 90°. The tops both circles were 
touched by coloured arches, like inverted rainbows, the red tint 
being next to the moon. The arch B was part of a circle equal 
in size to D E F, while that at E was a portion of^a circle of 
the same magnitude as A B C. Such is the general structure 
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of halos : the identity existing* in the magnitude and arrange- 
ment of their several parts, clearly shows that they must origi- 
nate in certain hxed laws ; but what those laws are has not 
yet been fully determined. 

190. The true halos are to be distinguished from the coronw, 
or glories, that surround the sun or moon when a thin cloud 
passes over them. These depend on a different optical prin- 
ciple. When fine powder of any kind is interposed between 
the eye and a lummoua object, rings of colours are formed, 
whose size depends on the dimensions of the powder. Visible 
vapour will produce this effect ; and it also arises from the fine 
dust always held in suspension in the air of a room. Such 
rings can be observed round a candle flame at any time, if we 
stand at a proper distance from the light ; and by the agita^ 
tion of the dust, they may be made still more visible. By 
calculation, Dr Young has shown that rings 8° in diameter 
are produced by particles of powder, or drops whose diameter 
is of an inch. 


IGNEOUS METEORS. 

Shooting-Stars— Fire-balls— Meteoric Stones— Aerolites. 

191. Shooting^stars are observed during serene nights. A 
luminous point like a star bursts into view, shoots a certain 
way through space, and then disappears. Its brilliancy fades 
before it is extinguished. Sometimes it leaves a luminous 
train behind it ; in other cases it gives forth sparks. These 
meteors have been noticed to occur in great numbers at once ; 
and the interest of such appearances has been very much in- 
creased by the fact of their being in some measure periodical. 
On several years they have been found to occur in the month 
of November ; from which circumstance they are sometimes 
called November meteors. They also occur with some degree 
of frequency in August. Shooting-stars and Fh^e-balls break 
out occasionally at every period of the year. 

192. When a fire-ball bursts, the fragments fall to the 
earth, and are called meteoric stones, or aerolites, from the Greek 
words aer, atmosphere, and litiws, a stone. Many of these stones 

been procured and examined, and found to be quite unlike 
any mineral of terrestrial origin. Hence the most likely 
theory of their de^vation is, that they are fragments flying 
through space, uiiter the influence of the same forces which 
sustain the planetary motions, and that they sometimes come 
within the sphere of the earth^s attraction, so as to be drawn 
down TO its surface. There is every reason to believe that 
the planets, satellites, and comets, are not the only bodies 

F 
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whicli move round the sun, and lie within the solar system 5 
they are merely the large conspicuous masses, while millions 
of others may exist, too small to be descried on ordinary occa- 
sions, and making themselves known only by falling upon 
the earth. Their illuminated appearance is supposed to be 
owing to the extraordinary friction that they cause in pair- 
ing trough the air, with such a high velocity as they must 
possess. To account for the periodicity of the November 
meteors, it is imagined that a great number of them may 
have a regular movement round the sun, so proportioned 
that they encounter the earth always at about the same place 
in its orbit. Some of them pass into the atmosphere, and go 
out again, without falling to the earth; showing that the 
earth can only deflect them a certain way, and is not able 
to draw them completely down to the surface. 

103. One of the most familiar of luminous meteors is the 
ignis fatuus, or Will o^ the wisp,” which appears at night 
on marshy grounds, places of sepulture, or wherever putrefac- 
tion and decomposition are going on. The appearance is that 
of a small flickering light, straggling in an irregular manner 
at the height of one or two feet fi’om the ground, and some- 
times standing for a few moments over a particular spot. 
When approached or pursued, the lights are agitated by the 
motion of the air, and seem to elude investigation. The cause 
of this species of meteor is supposed to be an evolution of 
phosphoretted hydrogen gas, which, properly speaking, does 
not bum as a flame, but is only faintly phosphorescent. 









